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Summary 
 
 
The southeastern coast of South Africa is deemed unpolluted and with the exception of a few localized areas, 
is believed to be pristine.  This study aimed to (1) assess the concentration of metals in the water and sharks 
(Squalus megalops, Mustelus mustelus) from different sites along the southeastern coast, (2) determine the 
effects that metals have on each other and investigate the accumulation and storage of metals in different 
shark tissues, (3) determine the effects of length and sex on metal concentration and the presence of 
metallothioneins in the liver. 
Metal concentrations in water from seven sites along the southeastern coast revealed concentrations below 
the detection limit of the extraction method, except for iron at St. Francis Bay which was below the 
recommended levels as supplied by DWAF.  Met al concentrations in S. megalops from the seven sites 
revealed significantly elevated levels in individuals from Algoa and St. Francis Bay when compared to the 
other 5 sites.  This was observed for all metals except manganese, which had a higher concentration at Cape 
Agulhas.  After comparing the metal levels in muscle tissue (S. megalops) with data from the Department of 
Health it was concluded that the sharks caught at Algoa and St. Francis Bay were unsuited for human 
consumption.  Liver and vertebral tissues from both S. megalops and M. mustelus were deemed unsuited for 
human consumption but further research should be conducted especially on vertebral metal concentrations. 
Comparing the metal concentration in different tissue types of S. megalops and M. mustelus significant 
difference were observed and attributed to differences in the maturity (thus age) of the two species.  
Significant differences in the metal concentration of males and females for both the species were observed.  
A higher number of differences were however observed in M. mustelus than in S. megalops, most probably 
due to the differences in maturity.  Length and weight vs. metal concentration regressions in the males and 
females of both species revealed more negative than positive trends.  This was found to be in accordance 
with other studies from around the world.  Using the life stages of S. megalops, significant differences in the 
average concentration of metals were observed between the life stages, with embryos usually having the 
highest concentration.   
The metal concentration series determined for S. megalops were similar to that which have been reported in 
the literature in that iron and zinc occupied the highest concentration positions while cadmium, copper and 
manganese occupied the last three.  The spleen usually had the highest metal concentration except for 
aluminium in skin and arsenic in muscle tissue.  Pearson correlation revealed significant negative 
correlations between cadmium and the mentioned metals suggesting that cadmium replaces essential metals 
such as manganese, iron and copper as.  Negative correlations between essential metals were observed most 
probably due to the competition for binding positions on ligands.  Positive correlations were observed 
between metals in sp ecific tissue types and may be indicative of synergistic effects, e.g. aluminium may 
result in the accumulation of other metals such as cadmium.  
Positive and negative correlations between a specific metal and different tissue types have also been 
observed and it appears that there are movement of metals between tissue types.  Positive correlation for 
essential metals between yolk and other tissue have been observed, although no correlations for non-essential 
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metals were observed.  This could potentially indicate a mechanism that prevents the accumulation of non-
essential metals in embryos.   
Though no metallothioneins were isolated form the liver, the presence of cadmium in other proteins indicate 
that that cadmium is substituted for essential metals, and as this may result in deleterious physiological 
effects, further studies should be conducted. 
In conclusion it can be said that although some of the results were expected there are still quite a few 
unanswered question and further studies should be conducted. 
 
Key words: Aluminium, Chromium, Manganese, Iron, Cobalt, Copper, Zinc, Arsenic, Cadmium, Lead, 
Shark, S. megalops, M. mustelus, Metal binding protein, Southeatern coast, South Africa 
 
 
Samevatting 
 
 
Die suidoos kus van Suid Afrika word beskryf as onbesoedeld, en met die uitsluiting van ‘n paar geïsoleerde 
plekke, is nog in die oorspronklike toestand.  Die doel van die studie was om die konsentrasie van metale in 
see water en haaie te bepaal langs die suidoos kus.  Verder, ondersoek ons die effek van metale op mekaar en 
die akkumulasie en storing van metale, asook die effek wat lengte en geslag op metaal konsentrasies het en 
of metallothioneins teenwoordig is in die lewer.. 
Die metaal konsentrasies in die seewater van sewe versamelings punte langs die kus het getoon dat hierdie 
konsentrasies onder die waarnemingspunt van die ekstraksiemetode was en dus nog onbesoedeld.  Net een 
metaal naamlik yster in St. Francis baai, het ‘n konsentrasie bo die waarnemingspunt gehad maar ook die 
konsentrasie was onder die voorgeskrewe waarde vir seewater van DWAF.  Metaal konsentraises in S. 
megalops het betekenisvolle verskille getoon tussen die haaie van Algoa baai en die van St. Francis baai in 
vergeleke met die ander studie punte.  Die enigste uitsondering was die hoë konsentrasie van mangaan wat 
gevind is in die verskillende weefsel en orgaantipes van die haaie van Kaap Aghulas.  Nadat die metaal 
konsentrasies in spierweefsel vergelyk is met die voorgeskrewe beperking van die Departement van 
Gesondheid is gevind dat haaie van St. Francis -en Algoa Baai nie geskik is vir menslike gebruik nie, weens 
die hoë metaal konsentrasies.  Die metaal konsentrasies waargeneem in die lewer en rugwerwels van beide S. 
megalops en M. mustelus maak die twee weefsel tipes ook ongeskik vir menslike bebruik, maar verdere 
studie mag dalk anders bewys, veral vir die werwels aangesien net onvolwasse M. mustelus geanaliseer is. 
 ‘n Vergelyking van die metaal konsentrasies in verskillende weefsels en organe van S. megalops en M. 
mustelus  het betekenisvolle verskille getoon.  Die verskil tussen die twee spesies kan toegeskryf word aan 
die verskille in die volwassenheid/ouderdom van die twee spesies.  
Betekenisvolle verskille tussen die geslagte van die twee spesies is ook aangetoon, alhoewel M. mustelus 
meer verskille tussen die geslagte getoon het as S. megalops, heelwaarskynlik weens die verskille in die 
volwassenheid van die twee spesies.  Lengte en massa vs. metaal konsentrasie vir die twee geslagte van 
beide die spesies het meer negatiewe as positiwe vergelykings getoon en het in die opsig ooreengestem met 
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data uit die literatuur.  Deur gebruik te maak van die gemiddelde metaalkonsentrasies in verskillende 
groeistadiums van S. megalops is die embrios gedefinieer as die groeistadium met die hoogste metaal 
konsentrasies. 
 ‘n Metaalkonsentrasie-series vir S. megalops was soortgelyk aan konsentrasie-series geraporteer vir ander 
haai spesies, deurdat yster en sink die twee hoogste konsentrasieposisies beklee het terwyl mangaan, koper 
and kadmium gealterneer het om die laaste drie posisies te beklee.  Behalwe vir aluminium in die vel en 
arseen in die spierweefsel, het die milt altyd die hoogste gemiddelde metaalkonsentrasie van al die weefsel- 
en orgaan- tipes gehad.  Dit blyk ook asof kadmium noodsaaklike metale soos mangaan, yster en koper 
verplaas aangesien daar negatiewe verhoudings tussen die konsentrasies van kadmium en die genoemde 
metale aangeteken is.  Negatiewe verhoudings tussen noodsaakilike metale is ook aangeteken en is 
heelmoontlik weens kompetisie van die metale vir binding setels in proteine.  Positiewe korrelasies is ook 
aangeteken in ‘n spesifieke weefsel tipe tussen verskillende metale en is toegekryf aan synergisme bv. 
aluminium mag verantwoordelik wees vir die akkumulaise van ander metale. 
Potitiewe en negatiewe korrelasies tussen ‘n spesifieke metaal en verskillende weefsel of orgaan tipes is 
aangeteken en dit blyk of daar beweging van metale tussen weefseltipes voorkom.  Positiewe korrelasies vir 
noodsaaklike metale tussen onbevrugte eiers en ander weefseltipes is aangeteken maar geen  negatiewe 
korrelasies is aangeteken nie.  Dit blyk dus asof daar ‘n voorkomende maatreël is wat die akkummulasie van 
minder noodsaaklike metale in eiers voorkom.  
Alhoewel geen metallothioneins geisoleer is uit die lewer van S. megalops nie, dui die teenwoordigheid van 
kadmium in ander proteine dat kadmium dalk ander metale, wat noodsaaklik is vir die korrekte 
funksionering van die protein, vervang het.  Die gevolg is dat die fisiologie van die haai dalk nadelig 
beinvloed kan word en dat verdere studie in die rigting noodsaaklik is. 
Ter afsluiting hoewel van die resultate verwag is, was daar onverwagte resultate ook en dat ‘n hele paar vrae 
uit die studie gespriet het wat net deur verdere studie beantwoord sal kan word. 
 
Sleutelwoorde: Aluminium, Chroom, Mangaan, Yster, Kobalt, Koper, Sink, Arseen, Kadmium, Lood, Haai, 
S. megalops, M. mustelus, Metaal bindings protein, Suidoos kus, Suid Afrika 
 xvii 
Abbreviations list 
 
 
µg Microgram 
µl Microlitre 
 
AAA Amino Acid Analysis 
ADP Adenosine diphosphate 
ATP Adenosine triphosphate 
 
BLAST Basic Logical Alignment Search Tool  
 
cm Centimetre 
CSIR Council for Scientific and Industrial Research 
 
Da Dalton 
DNA Deoxyribonucleic acid 
DOLT-3 Dogfish Liver  
DORM-2 Dogfish Muscle 
DTT Dithiothreitol 
DWAF Department of Water Affairs and Forestry 
 
g Gram 
 
HMW High Molecular Weight 
 
ICP-MS Inductively Coupled Plasma – Mass Spectrophotometer 
IOC Intergovernmental Oceanographic Commission 
 
l Litre 
LMW Low Molecular weight 
 
M Molar 
mA Milli Ampere 
MCM Marine and Coastal Management  
mg Milligram 
ml Millilitre 
 
NADDC/CHCl3 Sodium diethyledithiocarbamate/chloroform 
 xviii 
ng Nanogram 
nm Nanometre 
NRCC National Research Council of Canada 
 
PITC Phenylisothiocynate 
PMSF Phenyl-Methyl-Sulphonyl-Fluoride 
ppb Parts per billion (µg/kg or µg/kg) 
ppm Parts per million (µg/g or µg/l)  
PVDF Polyvinylidene difluoride 
 
RNA Ribonucleic acid 
 
SABS South African Bureau of Standards 
SDS-PAGE  Sodium Dodecyl Sulphate Protein Analysis Gel Electrophoresis 
 
V Volt 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Monitoring the environment is absolutely essential if we are to identify hazards to human 
health, to assess environmental cleanup efforts and to prevent further degradation of the 
ecosystem.”  
Butterworth, Corkum and Guzman-Rincon, 1995  
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Chapter 1.  Introduction. 
 
 
Pollution, as defined by the Intergovernmental Oceanographic Commission (IOC), is the 
introduction by man, directly or indirectly, of substances or energy to the environment resulting in 
deleterious effects to human health, hindrance of marine activities (for example fishing), 
impairment of seawater quality and reduction of amenities (CSIR, 1985, Robinson and Avenant-
Oldewage, 1997).  Pollution focuses on man made inputs to the sea and on the damaging effects of 
wastes.  Contamination on the other hand is caused when man made inputs increase the natural 
ambient concentration of a substance in seawater, sediment or organism above the natural 
background level that would occur in that area or in the organism (Clark, 1992).  Over the past 
decade metal levels worldwide have increased due to mining and agricultural activities (Robinson 
and Avenant-Oldewage, 1997), and occasionally the levels have reached such high levels that they 
have become toxic to organisms. 
In South Africa the biggest problem concerning pollution stems from municipal and industrial 
wastes (point source discharges) and diffuse surface run off that are rich in organic material (Du 
Preez, Heath, Sandham and Genthe, 2003).  The decay of an organic compound not only releases 
metals but also changes the Eh and pH of the water, making the metal compound even more soluble 
(more bio-available), and thus more available to marine organisms (Guthrie, Davis, Cherry and 
Murray, 1979, Sadiq, 1992). 
Unfortunately heavy metals (e.g. mercury, cadmium, copper, zinc and lead), together with 
halogenated hydrocarbons, are conservative pollutants and as such they are not subjected to 
bacterial or any other natural breakdown processes (Clark, 1992).  However, even if they are broken 
down it occurs over such a long time scale that these substances can be said to be permanent 
additions to the environment.  This poses a problem, as animals tend to accumulate metals that 
remain in body tissue in an unchanged state (Clark, 1989, Clark, 1992).  This process, where 
organisms accumulate and concentrate metals in their bodies over their life span is called 
bioaccumulation. Two types of bioaccumulation can be distinguished, namely direct and indirect 
bioaccumulation.  Direct accumulation is the acquisition of substances (in this case metals) through 
gills from seawater and through the digestive tract by ingestion of sediment (Sadiq, 1992).  The 
indirect route of accumulation is through the food chain. If prey organisms are unable to excrete 
these metals, biomagnification occurs as the concentration of the metal increases with every step up 
the trophic level, which could have serious implications for top predators (including humans) if they 
are exposed to very large concentrations of a metal in their food source (Dallinger, Prosi, Segner 
and Back, 1987, Sadiq, 1992). 
It is essential that the bio-accumulation of metals is monitored as it helps us (a) to gauge the extend 
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of bio-accumulation of temporal and spatial distributions, (b) in assessing the health of an organism, 
and (c) in determining if the organism is fit for human consumption (Watling, Watling, Stanton, 
McClurg and Engelbrecht, 1982).  In South Africa most of the aquatic toxicological studies have 
made use of spatial monitoring of heavy metals (Du Preez, Van der Merwe and Van Vuren, 1997, 
Du Preez et al., 2003) as it will help in identifying problem areas that were previously unknown 
while at known discharge areas it will provide information on the area affected.  Du Preez et al., 
1997 and Du Preez et al., 2003 have also studied temporal changes as it provides information on the 
trend of bioaccumulation that can be used to identify stability, improvement or deterioration of the 
pollutant levels in the environment.  Thus it is important that the concentrations of heavy metals in 
food sources are determined as it will protect the consumers and because the levels can be judged 
against contamination standards set for food.  Most of the South African studies focussed on fresh 
water fish and the effects of metal pollution in river waters, sediment and biota (Du Preez et al., 
1997, Robinson and Avenant-Oldewage, 1997), while marine studies have focussed on the metal 
content of invertebrates such as mussels (Lord, 1985, Watling, 1983) and abalone (Shackleton, 
Schoeman and Newman, 2002).  Studies similar to the work on metal concentrations in sharks 
presented here have been carried out in British waters (Vas, 1987, Vas, 1991, Vas and Gordon, 
1993), Australian waters (Bebbington, Mackay, Chvojka, Williams, Dunn and Auty, 1977, Vas, 
Stevens, Bonwick and Tizini, 1990), in trout in New Zealand waters (Brooks, Lewis and Reeves, 
1976) and in the North Atlantic near South Carolina, Georgia and Florida in the USA (Windom, 
Stickney, Smith, White and Taylor, 1973). 
The study area includes the coastal sea from Port Alfred to Cape Agulhas along the southeastern 
South African coast.  Previous studies have shown this area to be relatively unpolluted with respect 
to metal concentration in water, and the metal levels were regarded as normal (Watling, 1983).  
Recently a study on metal in the Port Elizabeth harbour have indicated that concentrations are still 
low but with localised areas of higher concentrations indicative of point source discharges (Fatoki 
and Mathabatha, 2001).  In the Port Elizabeth area higher concentrations than the rest of the coast 
were observed for the following metals: nickel, lead, zinc, copper, chromium, manganese and 
strontium but were still below the levels of maximum concentration set by Lusher (1984) and 
recently the South African Department of Water Affairs and Forestry (DWAF, 1995).  Two of the 
other sites included in the study, St. Francis Bay and Mossel Bay, have also generally been deemed 
unpolluted, although certain metals were found to occur at higher levels than expected (Watling and 
Watling, 1983).   
With respect to the two main species studied in this work, namely Squalus megalops (Shortnose 
spurdog) and Mustelus mustelus (Smooth hound), very little information is available on metal 
concentration in these species in South African waters with only mercury concentrations reported in 
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S. megalops (Watson, 1997).  Watling, McClurg and Stanton (1981) and Watling et al. (1982) 
reported on the mercury and other metal concentration in sharks from the South African Natal coast 
on three shark species (Dusky, Great white and Mako) all bigger species than S. megalops and M. 
mustelus.  Both the main study species are consumed by humans and shark catches and export 
generate approximately R1.5 million in foreign currency each year (Watling et al., 1981).  It was 
thus considered important to assess the concentration of heavy metals in these top predators, as 
South Africa is the only African country with a directed shark fishery (Kroese and Sauer, 1998). 
 
1.  Objectives, ai ms and rationale of the study. 
The aims of this study are: 
(a) To measure the concentrations of 10 heavy metals (Al, Cr, Mn, Fe, Co, Cu, Zn, As, Cd and 
Pb) in the coastal sea water and in two species of sharks (S. megalops (Shortnose spurdog) 
and M. mustelus (Smooth hound)) that are of commercial importance, with notes on the metal 
concentration in one individual Mustelus palumbes (White spotted Smooth Hound).   
1. To assess whether the metal concentration in seawater at seven sites fall within recorded 
concentrations and recommended levels of pristine seawater (Chapter 5) as the south -
eastern coast of South Africa is used for the disposal of waste and could thus increase 
metal concentration in the waters (Lord, Grabow and Roberts, 1989, Watling and 
Watling, 1983).   
2. To assess differences in the metal concentrations in specific tissue types (Chapter 5) 
such as vertebrae, gills, liver, muscle and stomach content (S. megalops) and vertebrae, 
gills, muscle and stomach lining (M. mustelus).   
3. To determine if there are differences in the metal concentration of a specific species (S. 
megalops) between the seven sampling sites (Chapter 5) and between the two species S. 
megalops and M. mustelus at sampling Site 1 (with notes on 1 individual of M. palumbes  
(Chapters 6)).  Spatial studies (such as the one in Chapter 5) are important is it identifies 
areas where pollution may become a problem as concentration in the edible flesh of fish 
becomes too high for human consumption (Du Preez et al., 1997, Watling et al., 1982).  
By comparing the two species caught at one site a better understanding of the metal 
concentration in the waters and the effect that metal concentration has on the 
accumulation of metals in different shark species can be attained as sharks have different 
growth rates and different life histories and migratory patterns (Compagno, 1984, 
Watson, 1997).   
4. To assess whether there are differences between metal concentrations in specific tissue 
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types (vertebrae, gills, jaw, eye lenses, muscle and spleen) between males and females of 
S. megalops and M. mustelus species (Chapter 7).  As males and females of the same 
species occasionally have different growth rates this may effect the concentration of 
metals in their tissues (Watson, 1997, Watson and Smale, 1999).  Size differences 
between males and females in the catch may also be reflected in different concentrations 
(Lyle, 1984).  
5. To examine the relationship between the total length of the sharks and metal 
concentrations in specific tissue types in both sexes of S. megalops and M. mustelus 
(Chapter 8) and whether the concentrations in vertebrae, liver and muscle tissue are 
below the standards set by the Department of Health for canned fish (Chapter 9).  Sharks 
are one of the oceans top predators and as such they may accumulate metals from the 
environment, as most studies determining the effect of size or age for metal 
concentration in sharks have used length, length was also used in this study (Chvojka 
and Williams, 1980, Dallinger et al., 1987, Vas and Gordon, 1993).  Both males and 
females were studied separately to determine if there are differences between the sexes 
due to different growth rates (Watson and Smale, 1999). 
6. To assess the concentration of different metals in specific tissue types of S. megalops by: 
(a) d etermining if there are relationships between metals within a specific tissue type and 
(b) for a specific metal between different tissue types (Chapter 10).  This aims to identify 
the effect that metal concentrations in food and water have on metal concentration in 
different tissues and to identify a concentration series (Sadiq, 1992, Vas, 1987). 
(b) To isolate (if present) the cadmium binding protein (metallothionein) from S. megalops 
exposed to natural levels of metals (Chapter 11).  Due to the sublethal effects that metals such 
as cadmium have on marine organism this forms an important part of the study as it would 
give some insight into the metabolism of the metal once it is accumulated (Kurosawa, 
Yashuda, Taguchi, Yamazaki, Toda, Morita, Uehiro and Fuwa, 1980, Ray, 1984).  
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Chapter 2.  A review of the metal pollution in the ocean:  the sources, 
geochemistry and toxic effects of metals. 
 
 
1.   Introduction. 
During the course of the investigation several terms will be used and it is essential that the reader 
understand these terms and what they implicate.  In this section the author aims to illustrate and 
explain these terms as they apply to metals. 
Most animals can regulate the concentration of pollutants in their bodies that they take up by means 
of excretory processes.  Unfortunately most can do so over a very small or limited range of 
concentration levels or a short exposure time (Clark, 1992).  As metals cannot be degraded, what 
cannot be excreted usually remain in the body of the organism in an unchanged state.  This 
sometimes results in very high bodily concentrations, as the animal is unable to excrete the metals.  
As a result the body burden increase in relation to abiotic environmental levels resulting in 
bioaccumulation  (Dallinger, Prosi, Segner and Back, 1987).  To illustrate the magnitude of 
accumulated metals (from the environment) bioconcentration factors are used.  The 
bioconcentration factor (C) of an organism may be determined by Equation 2.1 (Cember, Curtis 
and Blaylock, 1978):  
 [concentration of metal in organism] 
C = -----------------------------------------------------   Equation 2.1  
  [concentration of metal in water] 
 
Animals that feed on bioaccumulators (that is other animals that accumulate metals from the 
environment: water and /or food) may acquire even higher levels of metals if they are unable to 
excrete that which they have received from their food (Dallinger et al., 1987).  This process where 
metals accumulate in a food chain is called biomagnification.  As a result top predators (humans 
included) are most at risk form metal pollution as they are exposed to higher metal levels than 
animals lower down the food chain.  The relative enrichment of heavy metals through successive 
links of food chains are described by biotransference and to express the concentration of a metal in 
an organism in relation to the next trophic level bioconcentration factors are used (Dallinger et al., 
1987). 
As the concentration in animals at a trophic level increase as one moves  up a food chain the 
biotransference and bioconcentration factors (between adjacent trophic levels) will also increase, 
but for fish it seems to decrease (the bioconcentration factor of metals in fish tissue when compared 
to water is less than animals in a lower trophic level) (Dallinger et al., 1998).  This may be due to 
metals being redistributed between several organ or tissue types of the fish as they are accumulated 
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or the fact that the absorption of metals through the gut is very low and most of it is  excreted via 
faeces (Dallinger and Kautzky, 1985).  Another important factor is that when compared to the high 
metal concentration in prey species, absorption of metals from the usually low concentrations 
present in water might be negligible.  Even though the bioconcentration of metals decreases at 
higher trophic levels, it is still important to study the concentration present in fish as for some 
metals (such as lead and mercury) even low levels may be harmful to humans and other predator 
fish or shark species.  
 
2.  Types of pollutants. 
Clark (1989, 1992) described pollutants under five headings namely degradable wastes, fertilisers, 
dissipating wastes, particulate wastes and conservative wastes.   
Urban sewage, agricultural wastes, food-processing wastes, brewing and distilling wastes, paper 
mill wastes chemical industry wastes and oil spillage are considered “degraded waste”.  All these 
organic compounds are subject to bacterial degeneration that result in end products consisting of 
stable inorganic compounds such as carbon dioxide, water and ammonia (NH3).  In their un -
degraded (raw) form they also form the major sources of water pollution (Hodges, 1973). 
Fertilisers consist of nitrates and phosphates, which may enhance phytoplankton production leading 
to  eutrophication and anoxic conditions when dead plant deposits accumulate on bottom sediments 
(Clark, 1992). 
Heat, acids, alkalis and cyanide are all examples of dissipating wastes (Clark, 1992).  These 
pollutants lose their toxicity soon after entering a water body, and the damage that they may cause 
is usually confined to the immediate area around the discharge zone (depending on water currents 
and discharge rate). 
Inert particulate matter consisting of dredging soil, powdered ash, plastics, clay waste and colliery 
(coal mining) waste may clog the feeding and respiratory structures of animals, and may cause an 
increase in the turbidity of the water (Clark, 1992).  They are also responsible for smothering sessile 
animals and changing the nature of the seabed when they settle on the bottom. 
Heavy metals, halogenated hydrocarbons and radioactive material are all classified as conservative 
wastes.  These substances are not subject to bacterial breakdown and may remain in the in the 
environment indefinitely and even permanently (Clark, 1992).  Conservative pollutants (specifically 
metals) will be discussed in more detail later in this chapter.  The term “heavy metal” usually 
includes metallic elements of greater than 50 Da that are capable of forming polyvalent cations 
(Foulkes, 2000, Heath, 1987).  Metals included in this study are aluminium, chromium, manganese, 
iron, cobalt, copper, zinc, arsenic, cadmium and lead. Heavy metals are chemically reactive and 
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possess a high affinity for the sulphydryl groups that are present in proteins and other smaller 
biological molecules.  As a result these metals affect various biological systems, sometimes playing 
essential roles in enzymes as either being a part of an enzyme, or inhibiting enzyme function by 
binding to active sites (Foulkes, 2000).  
 
3.  Conservative pollutants. 
3.1.  Factors affecting metal concentration in marine waters. 
There are several factors that affect the concentration of metals in marine waters and these will be 
discussed below. 
3.1.1.  Sedimentation  and degradation. 
As metals are readily adsorbed onto suspended particulate matter they will settle on the bottom and 
become locked in the sediment (Ruivo, 1972).  This may be considered as a positive effect as 
biological hazardous material becomes inactiv ated. However long term problems may result as 
benthic communities may be affected and altered due to the accumulation of metals in the sediment.  
In fact Zn, Mn, Fe and Cr negatively influences the density of major meiofauna taxa such as 
nematodes and cop epods (Gyedu-Ababio, 2001). 
Bacteria, yeast and other microflora present in water or bottom sediments will degrade many 
pollutants such as crude oil and other organic pollutants (Ruivo, 1972).  Degradation of these will 
depend on the presence of microflora, additional nutrients and chemico-physical conditions.  
3.1.2.  Temperature and salinity. 
Temperature and salinity not only influences the solubility or precipitation rates of metals but also 
alter the density and viscosity of seawater that in turn influence the sinking velocity of metals 
(Weidemann and Sendner, 1972).   
Negilski (1976) and Somero, Chow, Yancey and Snyder (1977) showed that temperature directly 
affects metal toxicity as metals are more readily taken up as the temperature of the water increases.  
This might be due to the poikilothermic (ectothermic) metabolism of fish and to the fact that the 
affinities of macromolecules for metal ions is also temperature dependent. 
Salinity changes in estuaries are very important in the removal of metals from fresh water inputs to 
the ocean due to the fact that metals precipitate more easily at higher salinity (Boyle, Edmond and 
Sholkovitz, 1977).  There is also an inverse relationship between metal accumulation in fish and 
salinity of the water, which may b e due to the fact that water and ion permeability of gills of marine 
fishes vary with external salinity and ion composition. (Somero et al., 1977). 
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3.1.3.  Sea motions, solar radiation and thermoclines. 
Sea motions range from molecular dimensions to ocean wide systems (Weidemann and Sendner, 
1972).  Turbulence is irregular and multi directional and causes mixing similar to molecular 
diffusion, though it is much more efficient and called “eddy diffusion”.  Eddy diffusion is 
responsible for the mixing and dilution of pollutants while currents are responsible for transport.  
The size of the “eddy” is also important as bigger eddies increase the diffusion of metals in the 
water column (Talbot, 1972). 
Thermal stratification in the near-surface layers of the sea, due to solar radiation, may change the 
static properties of the water and influence the vertical components of turbulent motions 
(Weidemann and Sendner, 1972).  The resulting thermoclines increase the stability of the density 
stratification making downward  transport of the surface water more energy expensive. 
During autumn and winter, and at night negative radiation will reduce the stability of the surface 
layers making them denser than the lower layers, resulting in the vertical convection of the surface 
layers.  It also initiates additional turbulence.  
3.2.  Sources and input routes of metals into the environment. 
High concentrations of metals in the marine environment are derived from human activities 
(anthropogenic inputs) as illustrated by Fig. 2.1 and from the erosion of ore bearing rock, 
windblown dust, volcanic activity, forest fires and vegetation (Clark, 1989, Clark 1992).  Rivers 
passing through industrial, urban or just through metal ore bearing deposits also add to the metal 
deposition, not to mention the dredging of shipping channels (see Table 2.1 for more information 
regarding inputs into the North Sea).  The major input of metals to the marine environment though 
is through the atmosphere, while direct industrial discharges through pipelines or sewage sludge and 
ocean incineration contribute relative small quantities.  There is a continuous exchange of metals 
between the air, terrestrial environment, freshwater, estuaries and the ocean. 
The method of releasing pollutants may be from a point source or non-point source (Förstner and 
Whitmann, 1981).  With non-point sources the metal supply comes from a vast area, while at point 
sources the pollutant is released at a localised area and can be detected with ease.  
The concentration of metals in the surface water of the ocean is influenced by five mechanisms 
namely: (1) advective transport from regions of high source strength e.g. rivers, (2) advective 
transport by gas bubbles, (3) vertical turbulence, (4) aeolian transport of land derived (mainly 
inorg anic) particles and (5) biological production (Förstner and Whitmann, 1981).  Studies have 
shown that organic matter is very important in regulating the amount of particulate trace metals in 
open ocean surface waters as well as for continental shelf and slope waters. 
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The sources of metal pollution into the environment will be discussed in more detail under the 
following headings: Geological weathering, mining effluents, industrial effluents, domestic 
effluents and urban storm water runoff, rural areas, atmospheric sources and special sources 
(Förstner and Whitmann, 1981).  
Figure 2.1.  The five main natural sources of metal pollutants to the environment and their 
interactions with each other as well as selected anthropogenic sources (adapted from Förstner 
and Wittmann, 1981).   
 
Table 2.1.  Metal inputs into the North Sea and world wide atmospheric inputs. (All values 
except for atmosphere (given in thousand tons per year) are in tons per year) (Adapted from 
Clark, 1989). 
 Copper Lead  Zinc 
Rivers 1290-1330 920-980 7360-7370 
Dredging  1000 170 8000 
Atmosphere 400-1600 2600-7400 4900-11000 
Direct 
discharge 
315 170 1170 
Industrial 
dumping 160 200 450 
Sewage sludge 100 100 220 
Incineration  3 2 12 
Natural Anthropogenic Natural Anthropogenic Natural Anthropogenic Atmospheric 
inputs 19 56 19 449 4 314 
AIR 
TERRESTRIAL 
SYSTEM 
ESTUARIES 
FRESH WATER 
OCEAN 
Incineration 
Smelting 
Exhaust 
fumes Evaporation 
Wind erosion  Fallout 
Land application of 
sewage sludge 
 
Leaching 
Erosion Irrigation  Biota flux 
Biota flux River flow 
Biota flux Mixing 
Dredging 
Leaks 
Effluents 
Dumping  
 11 
3.2.1.  Geological weathering. 
Geological weathering result in baseline or background levels and is the highest in areas 
characterised by metal bearing formations.  It is also these areas that are targeted for the retrieval 
and processing of ores, resulting in the anthropogenic release of pollutants (Förstner and Whitmann, 
1981). 
3.2.2.  Mining and industrial effluents. 
In South Africa slime dams are used as disposal sites of the extraction procedure of uranium by 
pyrolusite (MnO2).  As a result these slime dams are an impressive supply of metal pollution to the 
environment (Förstner and Whitmann, 1981).  Metals present in these slime dams are: gold, copper, 
cobalt, chromium, thallium, uranium, mercury, manganese, zirconium, aluminium and lithium to 
name but a few.  Insidious seepage of the metals into ground water have resulted in an increase 
greater than 10000 fold for dissolved manganese, cobalt and nickel, a 1000 fold increase for iron, 
chromium, zinc and sulphate while lead and cadmium have increased 100 fold.  While most 
industries utilize several metals (See Table 2.2), some such as the tanning industry only result in the 
release of chromium into the environment (Förstner and Whitmann, 1981).  It is the multiple usages 
of several heavy metals that make it difficult to trace the origin of water pollutants. 
3.2.3.  Domestic effluents, urban storm water run off and spoil heaps. 
Effluents from residential areas are treated in accordance with its source of origin (Förstner and 
Whitmann, 1981).  Domestic effluents are usually discharged from a relatively well defined point-
source while urban storm water run off is characterised by a diffuse drainage pattern and together 
with rural areas it is one of the most import ant non -point sources of metal to water.  In general, 
domestic effluents constitute the largest single source of elevated metals in rivers and lakes.  
Untreated or mechanically treated waste waters, substances passed through biological treatment 
plants (solubilised or finely divided particles) and wastewater substances passed over sewage 
outfalls are all examples of domestic effluents.  These effluents are discharged into the ocean and 
into rivers (Förstner and Whitmann, 1981).  Storm water discharges have become very important 
due to the potential contamination that may occur as trace elements from atmospheric emissions and 
deposition (Fig. 2.2) on various surfaces are swept along to the drainage system.  Also, urban storm 
water has varying metal concentrations depending on locality and time of sampling.  It is thus 
impossible to predict the state of storm water unless all the pollutant sources are known. 
The major sources of refuge heaps are from domestic use, though industries also play a role.  These 
heaps may result in increased concentrations of arsenic, cyanides, copper and cadmium (Förstner 
and Whitmann, 1981). 
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3.2.4.  Rural areas and special sources. 
The non-point sources of metal pollution resulting from commercial forest, grassland and cultivated 
agricultural areas mostly originate from animal wastes, fertilisers, pesticides and eroded soil 
(Förstner and Whitmann, 1981).  The metals usually end up in the rivers before being transported to 
the estuaries and the oceans as was found by Watling (1983) for certain rivers in Algoa Bay and St. 
Francis Bay.  
Special sources of metal pollution include corrosion and oil drilling operations where it is difficult 
to determine if the source of pollution is point or non-point.  
Table 2.2.  An outline of the heavy metals used in various industries (Förstner and Whitmann, 
1981). 
 Al As Cd Co Cr Cu Fe Mn Pb  Zn 
Pulp, papermils, 
paperboard, building 
paper, board mills  
    X X   X X 
Organic chemicals, 
petrochemicals, enzyme 
detergents  
 X X X X  X X X X 
Alkalis, chlorin e, 
inorganic chemicals, 
batteries, paints  
 X X X X  X  X X 
Fertilizers   X  X X X X X X 
Petroleum refining   X  X X X  X X 
Basic steel works 
foundries   X  X X X X X X 
Basic nonferrous metal 
work foundries  
 X? X X? X X    X 
Motor vehicles, aircraft-
plating, finishing, 
electroplating  
X X? X X? X X    X 
Flat glass, cement, 
asbestos products etc. X    X   X   
Textile mill products      X      
Leather tanning, 
finishing     X      
Steam generation power 
plants      X     X 
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Figure 2.2.  Sources of metals to urban storm water that are released into rivers and oceans 
(Förstner and Whitmann, 1981). 
 
3.2.5.  Atmospheric inputs. 
There are two sources of metals to the atmosphere namely natural and anthropogenic sources 
(Chester and Murphy, 1990).   Natural sources consist of four components: (1) the earth’s surface as 
it supplies particulate components to the atmosphere due to low temperature mechanical 
mobilization of surface deposits by wind erosion, (2) the ocean surface that supplies particulate 
components  to the marine environment during the formation of sea salts (low temperature) by 
mechanical action, (3) volcanic activity that release particulate material (ash) and gaseous phases 
formed by high temperature volatilising processes and (4) the biosphere as  the high temperature 
burning of vegetation and the emission of particulate and vapour phases from plant surfaces and soil 
releases metals.  Anthropogenic sources include fossil fuels, burning, waste incineration, mining 
and the production of chemicals to names but a few.  In Table 2.3 the amount of different metals 
that are released into the atmosphere by various processes are tabulated. 
By using the EF (Enrichment factor –  see equation 2.2) the source of metals (crustal or seawater) to 
the atmosphere may be determined (Chester and Murphy, 1990, Förstner and Whitmann, 1981).   
   
 (X/St)atm  
(EF) =  --------------------------------  [Equation 2.2] 
 (X/St)crust or seawater   
 
where X = metal or element , and  St= metals released from a crustal source or from seawater. 
Using the EF factor the following generalisation on the studied metals were made (Chester and 
Murphy, 1990): (1) aluminium, iron, manganese, chromium and cobalt are dominated by the 
injection of crustal material to the atmosphere and (2) copper, cadmium, zinc, arsenic and lead are 
releases into the atmosphere by anthropogenic inputs.  The following are also released by at the 
air/sea surface interphase: aluminium, iron, manganese, cobalt, copper, zinc and lead.  
Dependent variables Independent variables 
Polluted air 
Dust fall Rain fall Corrosion 
Polluted urban storm water 
City planning 
Traffic 
Industrialization 
Topography 
Geology  
Climate / season 
Land usage 
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Table 2.3.  Metal emissions into the atmosphere from anthropogenic activities and natural 
sources (Förstner and Whitmann, 1981). 
Metal Fossil fuels  
(Coal and oil) 
Cement 
production 
Brick works Geothermal 
sources* 
Smelting 
As 5010 t/y 3200 t/y  Ö 110 tons 
Cd 140c + 2 t/y 80 t/y Ö  12 tons 
Co 730 t/y ----    
Cr 1450 t/y ----    
Cu 2123 t/y ----   1800 tons 
Pb 3550 t/y 30000 Ö  240 tons 
Zn 7040 t/y ---- Ö  155 tons 
t/y = tons per year 
* Volcanoes, hot springs etc.  
Ö = present in emission 
 
Metal containing airborne particles resulting from natural and man made processes may become 
wind-blown over great distances and are returned to the lithosphere by dry fall out and precipitation 
scavenging (Chester and Murphy, 1990).  Dry fall out is a continuous process and is affected by 
wind speed and particle size.  Precipitation scavenging (wet deposition) is a non-continuous process 
and involves the removal of metals by rain or snowfall (Förstner and Whitmann, 1981). 
3.3.  The distinction between different metal groups according to their biological functions. 
Some metals are essential in high quantities for living organism (see Table 2.4), while others are 
needed in trace amounts (Clark, 1992).  The metals needed in trace amounts are iron (respiratory 
pigment and haemoglobin in vertebrates and inv ertebrates), copper (respiratory pigment of molluscs 
and higher crustaceans, haemocyanin), vanadium (respiratory pigment of tunicates), zinc 
(enzymes), and cobalt (vitamin B12 enzyme)  (Heath, 1987, Schroeder, 1971, Weiss, 1978). 
Table 2.4.  Qualification of metals/elements in the human body (Schroeder, 1971). 
Metals/elements 
needed in bulk 
quantities  
Metals needed in trace 
amounts 
Metals present in humans as a result of 
anthropogenic contaminants  
Approximately 1.4% 
of total body weight 
per day? 
Approximately 0.01% 
of total body weight Toxic Slightly toxic 
Probably in 
inert forms 
Calcium, Sodium, 
Potassium, 
Magnesium 
 
Iron , Manganese, 
Zinc, Copper, 
Chromium, Fluoride, 
Molybdenum, Cobalt, 
Vanadium, Selenium, 
Strontium 
Lead*, Nickel, 
Antimony*, 
Beryllium*, 
Cadmium*, 
Mercury* 
Barium, 
Arsenic*, 
Germanium*, 
Tungsten 
Aluminium, 
Silver, Boron, 
Lithium 
Metals highlighted in bold are the metals that will be investigated in the course of this study. 
Metals Marked with a * are all known to cause a reduced life span and cancer in humans.  
 
The role that essential metals (iron, cobalt, nickel, zinc and cadmium) play in biological functions 
include (a) helping in physiological process, (b) helping in respiration and gonad development and 
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(c) being an integral part of proteins and enzymes (Du Preez, Van der Merwe and Van Vuren, 1997, 
Paulsen and Saier, 1997).  
Foulkes (2000) divided heavy metals into four operationally distinct classes.  Class A is essential 
for life in relatively high concentrations, e.g. iron.  Class B in cludes metals for which no biological 
function has been established but they exhibit none or little toxicity at low concentrations for 
example lanthanum and strontium.  Class C includes copper, zinc, nickel, cobalt and perhaps 
chromium, which become toxic at high concentrations.  Class D metals (mercury, lead, cadmium 
and uranium.) are toxic at low concentrations and have no known biological function; On the other 
hand, Clark (1992) divided metals of biological concern into three groups.  Group one includes light 
metals such as sodium and calcium that are normally transported as mobile cations in aqueous 
solutions.  Transition metals such as iron, copper, cobalt and manganese are in group two and are 
essential in low concentrations but could become toxic at high concentrations.  Mercury, lead, 
arsenic and selenium are examples of metalloids (group three) and are generally not needed for 
metabolic activity and can be toxic in even the smallest concentrations. Clark (1992) combine 
groups two and three under heavy metals. 
Essential metals have two  main cellular functions (Förstner and Whitmann, 1981), (1) redox 
reactions (Fe(III) and Fe(II), Cu(I) and Cu(II)) that involves the transport of electrons (George, 
1990) and (2) the governing of enzyme reaction mechanis ms (especially cobalt and zinc).  Metals 
can exist in many forms or oxidation states (chemical speciation).  Not all of the physiochemical 
forms of the metal will show the same bioaccumulation trends, toxicity limits or degree of 
adsorption on suspended particulate surfaces (Sadiq, 1992).   
3.4.  The toxicity of metals. 
Toxicity test of metals on animals usually involves the exposure of the animal to a specific 
concentration of the toxin and then measuring the time it takes for the animal to die (Clark, 1989).  
Due to the problems associated with determining the precise moment of death other criteria may be 
used such as immobility or loss of defensive reflexes.  If death is used as the criteria, the toxicity of 
the toxin is reported as the median lethal time (LT 50 or LTm).  A more precise method of reporting 
toxicity is the median lethal concentration (96h LC50 or 96h LC m) as it reports the concentration of 
the toxin needed to kill 50% of the test animals in 96 hours (or whatever the duration of the 
experimen t was).  Occasionally a single dose of a toxin may be injected or orally introduced, the 
mortality is then reported as the lethal dose, LD50 or LDm (Clark, 1989).  If no deaths occur data 
may be reported as the effective dose (ED) or effective concentration (EC) that will result in any 
effect other than death. 
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3.4.1.  Factors affecting metal toxicity. 
Various factors (Fig. 2.3) influence the degree of toxicity of metals to organisms (Förstner and 
Whitmann, 1981) and the organisms themselves have different levels of tolerance (Table 2.5).  
All the metals in the environment may have an effect on the toxicity of another (Clark, 1989).  
There are four possible effects: (a) the containment of one within another; (b) the addition of one 
mortality to another; (c) synergy (one increase the mortality caused by the other) and (d) 
antagonism (one reduce the mortality caused by the other).   
The form of the metal present in the environment be it organic or inorganic, soluble or particulate 
all have an effect on the behaviour and toxicity of metals (Clark, 1989 & Moriarty, 1983).  Factors 
that influence the physiology of the organism, temperature, salinity, light and pH not only affect the 
stress level of the organism but also play a role in the form of the metal present in the water.  Other 
factors are behavioural responses and the condition of the organism (its age, size, sex and 
starvation). 
Due to their effect on metabolic processes, water temperature and dissolved oxygen are important 
factors in metal toxicity to organ isms (Förstner and Whitmann, 1981).  As temperature increases 
heavy metal toxicity increases due to an increase in the respiratory activity of the organism. The 
absorption and release of metals are also dependent on temperature. Oxygen content in water also 
has an effect on toxicity for copper, lead and zinc as the lethal toxicity limit for these three metals 
decrease as the percentage oxygen saturation increase (Förstner and Whitmann, 1981).  Not only do 
temperature and oxygen have an effect on the toxicity of metals to organisms but also on the 
availability of heavy metals to the organisms as they influence chemical processes like 
complexation.  
pH influence the interactions between heavy metals and parameters like carbonate hardness and 
organic compounds, and thus plays an important role in the availability of metals.  Salinity is not 
very important in the marine environment, but in estuaries it plays an important role in the metal 
concentration as it effects absorbance and complexation (Förstner and Whitmann, 1981).  The high 
salt content of the marine environment alters the pH value of the environment and the metal’s 
solubility. 
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Figure 2.3.  Schematic flow diagram illustrating the factors that affect toxicity of metals 
(Förstner and Whitmann, 1981).  (M, ML1, MA1: in seawater with a natural pH these are simple 
inorganic complexes like chloride, sulphate, carbonate and hydroxide; MA2, MA4, ML2, ML4: as significant 
complexes are unlikely to be present in seawater, these species are mainly metals adsorbed on or included in 
organic colloidal particles; MA3, M3: these include dissociated forms of colloids and those retained by the resin 
as well as humic acid and fulvic acid complexes; ASV: Anodic stripping voltammetry).  
 
 Behavioral 
responses 
Altered 
behavior 
Condition of 
organisms 
Stage in life history (egg, larva) 
Changes in life cycle (molting) 
Age and size 
Sex 
Starvation 
Activity 
Additional protection (Shell) 
Adaptation to metals 
Factors affecting 
animal physiology 
and metal speciation 
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pH 
Dissolved oxygen 
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Joined action 
No interaction 
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Form of 
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Class 
Class 
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Non-Labile organic 
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Non-Labile 
inorganic complexes 
(MA3) 
Non-Labile organic 
complexes (ML4) 
Non-Labile 
inorganic complexes 
(MA4) 
1 
2 
3 
4 
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Table 2.5.  Toxicological tolerance levels of some metals for man, mammals and fish (unit = 
mg/l unless otherwise stated) (Förstner and Whitmann, 1981). 
Element Biological purification 
Self 
purification Fish (mg/l) Mammal Man  
Al2(SO4)3   1.8 12 g/kg  
As compounds >0.7  1-23 2-15 mg/kg 
2 mg/kg 
(0.05 mg/l 
chronic) 
CdCl2 (Cd) 1-5 0.1 3.0 
0.07-0.15 
mg/kg  50-500mg/kg  
Co compounds (Co)  5 0.01-0.1 0.7-1.5 g/kg  50-500 mg/kg 
Chromate (Cr(VI))   0.015-0.195 0.45-1 0.5-5 g/kg  
Cr2(SO4)3 (Cr) 2-5 0.3 1.2-200   
CuSO4 (Cu) 1 0.01 0.03-0.8 8g 8g 
FeSO4 (Fe) >35 Fe deposit 0.9-152 0.5-5 g/kg  0.5-5 g/kg  
Mn compounds (Mn)   0.05-1.2  0.5-5 g/kg  
Pb(NO3)2 (Pb) 5  0.33-200 2 g/kg   
ZnXO4 (Zn) 1-3 0.1 1-5 1.9-2.2 mg/kg   
 
4.  General effects of metal pollution on organisms, populations and communities to pollution.  
The individual organism, the population and the community react differently on temporal scales and 
in behaviour to organic and inorganic contaminants responses (Bayne, 1989).  The responses of the 
organism, population and community to metal pollution will be discussed in the following sections. 
4.1.  Organismal responses. 
Organismal responses include biochemical, cellular and physiological responses that may be 
evident after days, weeks or months depending on the kind of pollution and the severity of the 
pollutant (Sastry and Miller, 1981). 
4.1.1.  Biochemical responses. 
When studying the biochemical effects of pollution two different viewpoints may be taken; (1) an 
assessment of the general biochemical processes that respond to stress caused by pollutants or (2) a 
study of the specific biochemical mechanisms used by organisms to deal with potentially damaging 
compounds (Bayne, 1989). An example of a specific biochemical response is the induction of 
metallothioneins, which is discussed in detail in Section 5 of this chapter.  These biochemical 
changes may take place within minutes or days of an animal being exposed to pollution (Sastry and 
Miller, 1981). As biochemical responses results in an increased demand for proteins, more energy 
resources are allocated to protein synthesis. As a result less energy or resources are available for 
normal growth and reproduction (Fig. 2.4) reducing the organism’s phenotypic fitnessª . 
                                                 
ª Phenotypic fitness: the sum of those physiological processes or traits that affect the prospect for successful 
reproduction.  
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Figure 2.4.  Schematic diagram illustrating the effect that pollutants have on the phenotypic 
fitness of an organism (Bayne, 1989).  
 
4.1.2.  Cellular responses. 
Cellular and sensory systems will react to pollution as soon as threshold concentrations of the 
specific pollutant are reached (Sastry and Miller, 1981).  An example of this type of response is 
lysosomes.  Lysosomes contain hydrolytic enzymes that regulate the exchange of substrates and 
products across the limiting membrane; they also act as sites for the concentration and accumulation 
of metals.  If lysosomes become stressed  (overloaded) they loose membrane integrity and release 
the hydrolytic enzymes into the cell, sometimes causing damage to the cell (Bayne, 1989). 
4.1.3.  Physiological responses. 
If pollution conditions continue over a time the change in biochemical reactions would influence 
physiological responses (Sastry and Miller, 1981).  Physiological responses include responses that 
relate to the physiology and behaviour of the whole organism; for example the processes of 
respiration, growth and reproduction (Bayne, 1989).  These all deal with secondary effects of stress 
and the mechanisms that help the organism to compensate for the primary damage caused by the 
pollutant. 
Contaminant Stress  Biochemical Effects 
Increased Protein  
Synthesis  
Increased Energy Demands 
For Repair 
Increased Maintenance 
Metabolism 
Decreased Energy Available For Growth And Reproduction 
Reduced Phenotypic Fitness 
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4.2.  Population and community responses. 
Population responses (reproduction, recruitment, mortality, growth, size and age structure, and 
biomass) are directly affected at the physiological level as they are made up from the sum of effects 
on the individuals comprising the population.  An example is that the reduced growth among 
individuals will result in decreased population production (Bayne, 1989).  This type of response 
may take generations to become evident and is dependent on the severity of the pollution (Sastry 
and Miller, 1981). 
As individual organisms differ in their sensitivity to pollutants  the effect of pollution will also 
differ.  Some species may become immune to the pollutants; others will die or migrate away from 
the polluted area, resulting in a change in the biodiversity of the community.  
4.3.  Sublethal effects of metal pollution on organisms. 
The integrated effects that pollutants have on organisms, populations and communities and their 
interaction with each other are illustrated and summarized in Fig. 2.5 and usually manifest 
themselves as sublethal effects if metal levels are to low to exert toxic effects. 
Figure 2.5.  Schematic diagram illustrating the integrated effects of pollutants from the 
individual to the community (Bayne, 1989). 
 
Well known sublethal effects that heavy metals may have on organism range from pathohistological 
changes, dilation of renal tubes, destruction of blood cells, decreased gonad development, decreased 
growth rates and thickening of the gill epithelial walls (Mitrovic, 1972, Portman, 1972a).  An 
increase in cancerous growths, leukaemia, skin ulceration , tail deformities, and other disease 
conditions has illustrated the seriousness of the effect of heavy metal pollution (Ruivo, 1972).   
Other general effects of metal pollution are: 
ORGANISMAL 
EFFECTS 
POPULATION 
EFFECTS 
COMMUNITY 
EFFECTS 
Organism Health:  
Biochemical 
Cytological 
Physiological 
Reproductive 
Output 
Growth and 
Longevity 
Recruitment and 
Abundance 
Population Survival 
Species Abundance 
And Diversity 
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· Reducing food sources in the environment and altering sensorial mechanisms that enable the 
predator species to detect pray.  It may also change the behaviour and appetite of the 
consumers, or it may increase catabolism and excessive loss of substances (Mitrovic, 1972, 
Ruivo, 1972). 
· Direct and indirect effects of metals on the respiratory function of animals include clogging 
of gills, modification of branchial cells, histopathological changes in gill tissue and 
decreasing the oxyphoretic capacity of blood (Ruivo, 1972).  As a result heavy metals may 
result in the death of fish due to asphyxiation or precipitation of mucus over gill surfaces 
(Mitrovic, 1972).  Metals such as cadmium, copper and lead may also interfere with 
osmoregulation and ionic regulation by binding with the cellular membrane. 
· The reproduction of animals may be negatively effected by changes in salinity, turbidity and 
reduced dissolved oxygen caused by pollution (Ruivo, 1972).  The effect of metals on 
reproduction is varied, from changing the behaviour of adults during the mating season, to 
affecting egg and sperm production and egg nutrient production due to changes in enzyme 
activity and hormonal function (Davis, 1972). 
· Many animals can detect toxic substances resulting in avoidance reactions; for instance zinc 
affects the migration patterns of salmon (Ruivo, 1972), which in turn affect the distribution 
patterns of the fish (Mitrovic, 1972).  Even as this avoidance reaction protects the organism, 
it may result in deleterious effects due to the changes resulting in their nutritional and 
reproductive behaviour, as they may have to find new feeding and spawning grounds/water. 
 
5.  Metallothioneins.  
Metallothioneins first isolated from the renal cortex of horses by Margoshes and Vallee in 1957 
have also been isolated from different shark species (Betka and Callard, 1999, Hidalgo and Flos, 
1986a, Hidalgo and Flos, 1986b, Planas, Tort, Torres and Flos, 1991, Talbot and Magee, 1978).  
Generally believed to be of importance in detoxifying certain metals e.g. cadmium, 
metallothioneins also regulate the metabolism of certain essential elements such as zinc and copper 
(Kägi, 1991, Noël-Lambot, Gerday and Disteche, 1978, Talbot and Magee, 1978).  They may also 
play a role in the detoxification of hepato -toxins and the protection against free radical scavenging 
and oxidative stress (Dallinger, Wang, Berger, Mackay and Kägi, 2001, Planas et al., 1991, 
Templeton and Cherian, 1991).  Metallothioneins act as a reservoir and provide zinc and copper that 
is needed for the production of metalloenzymes and play a role in the expression of the genetic 
message by influencing the zinc dependent processes of replication, transcription and translation 
(Kägi, 1991, Vallee, 1991).  It is important in tissue regeneration (Theocharis, Karkantaris, 
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Philipides, Agipatos, Gika, Margeli, Kittas and Kou tselinis, 2002).  This is due to the fact that the 
apo -protein, thionein is inducible and once synthesized the animal can tolerate higher 
concentrations of cadmium (Bremner, 1979).   
Metallothioneins has several unique characteristics see Table 2.6 but generally eukaryote 
metallothioneins have a low molecular mass (~6000 Da), no aromatic amino acids, a high cysteine 
content (30%), high metal content (7-12 g atoms of metal / mol) and two metal binding domain 
clusters and a single chain proteins of approximately 61 - 62 amino acid residues (Richards and 
Beattie, 1995). 
Table 2.6.  A list of the characteristics of metallothioneins. (Falchuk and Czupryn, 1991, 
Heath, 1987, Hidalgo and Flos, 1986a and b, Kägi, 1991, Kojima, 1991, Leung and Furness, 
2002, Lobinski, Chassaigne and Szpunar, 1998, Nordberg, 1991, Overnell and Coombs, 1979, 
Scheuhammer and Cherian, 1986, Suzuki, Kodama, Molotkov, Aoki, and Tohyama, 1998, 
Thompson and Sutherland, 1992, Planas et al., 1991, Vallee, 1991, Webb, 1979). 
Characteristic 
A low molecular weight (6 000 – 10 000 Da) 
Cysteine make up 20 –  33% of the amino acids (many sulphydryl groups) 
No aromatic amino acids are present  (phenylalanine, tyrosine or tryphtophane) 
Heat stable 
High metal affinity (due to many sulphydryl groups) 
No histidine residues 
High metal to protein stoichiometry (7g metal atoms per mole protein) 
Protein consist of approximately 61 amino acid residues 
Metals bind to cysteine through mercaptide bonds 
A unique amino acid sequence of cys-x-cys (x = other amino acids) 
No heterocyclic amino acids are present 
Resistant to acid precipitation  
There are no disulphide bonds / bridges in the molecule 
It is a single chain protein 
Adsorption occur at 250 nm (Cd), 225 nm (Zn), 275 nm (Cu) 
Little or no absorbance at 280 nm 
Synthesis is induced by cadmium and zinc 
There are several isoforms known  
It is localised in the cytoplasm 
 
5.1.  The influence of metallothioneins on the control of the metabolism of metals. 
Several factors indicate that metallothioneins are important in the control of the metabolism of 
metals (Bremner, 1991); (1) a relatively short half-life, (2) release metals very quickly if metal 
concentrations become low, (3) production is stimulated when tissue concentrations of zinc, and 
copper increase and (4) there are elevated levels of metallothioneins in the liver of foetal and 
neonatal animals.  Mercury has such a high affinity for metallothionein that it would displace 
copper and zinc resulting in decreased concentration of these two metals in tissue (Heath, 1987). 
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5.2.  Metallothionein synthesis. 
Metallothioneins occur in the livers, kidneys and gills of fish and are reportedly induced by 
numerous agents (Samson and Gedamus, 1995, Webb, 1979).  These include mitogens, cytokines 
(e.g. ethanol), xenobiotics, metal ions (e.g. cadmium, zinc, mercury), hormones, growth factors, 
vitamins, antibiotics and various stress producing conditions such as starvation (Bremner, 1991, 
Kägi, 1991, Olafson and Thompson, 1974, Theocharis et al., 2002).  Studies have also shown that 
during stress, hormones may work together to increase hepatic metallothionein concentrations 
(Cousins, 1985).  In the liver metallothionein concentrations have been shown to increase with 
reduced food intake and with a protein deficiency (Bremner, 1991).   See Table 2.7 for a list of 
some of the pathyphysiological factors that induce metallothionein synthesis (Bremner, 1991).  
Table 2.7.  Factors that induce metallothionein synthesis (Bremner, 1991). 
Carbon tetrachloride Interleukin  
Catecholamines Irradiation 
Endotoxins Oxidative challenges  
Glucagon Physical stress 
Glucocaricoids Starvation 
Infection Streptozotocin  
Inflammation Tumour necrosis factor 
 
6.  General information on the ten metals studied during the investigation. 
Table 2.8 summarises general information of all ten metals such as their atomic number, where they 
are mined and some of their most general uses.  Table 2.9 summarised information concerning 
metal concentration along the South African coast, in the Indian Ocean and in pristine seawater. 
6.1.  Iron. 
Although iron is not a significant element (see Table 2.9 for concentrations) in the ocean it is an 
essential element for human physiology that may have a negative effect on health matters when 
concentrations become too  high (Clark, 1989, Clark, 1992, Sadiq, 1992).  Negative effects include 
clogging of feeding structure when hydrated iron oxides precipitate on animal feeding structures 
and oxygen deficiencies in fish due to oxidation of iron compounds that result in oxygen depleted 
waters (Clark, 1992, Robinson and Avenant-Oldewage, 1997). 
Iron oxides may precipitate on the gills of fish resulting in direct accumulation of iron and other 
metals associated with it (Clark, 1989). 
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Table 2.8.  General information on all the metals studied (Fergusson, 1990, Förstner and 
Whitmann, 1981, Greenwood and Earnshaw, 1984). 
 Iron Cobalt Arsenic Lead Aluminium 
 Fe Co As Pb Al 
Latin Anglo Saxon Iren 
German Kobold 
= Evil spirit / 
Goblin 
Latin Arsenicum 
from the Greek 
Arseicon from 
Persian Az-zarníkn 
Plumbun Alumen = bitter salt 
Atomic number 26 27 33 82 13 
Number of 
naturally 
occurring 
isotopes 
4 1 2? 4 1 
Atomic weight 55.847 58.9332 74.9216 207.2 26.9815 
Abundance in 
earth’s crust 
4th element,  
2nd metal 
62000 ppm 
30th element  
29 ppm 
51st element  
1.8 ppm 13 ppm 
3rd 
8.3% per 
weight 
Constituents 
of: 
Earth’s core 
Siderite 
meteorites 
Lunar soil 
   
Igneous 
minerals e.g. 
feldspars, 
micas 
Uses 
Steam engines, 
ships, 
Buildings, 
Bridges, 
Magnets 
Glass, Pottery, 
Paint, High 
temperature 
alloys, 
Magnetic alloys 
Alloys with lead 
and copper, 
Pesticides, 
Herbicides 
Glass, Wood 
Preservatives, 
Detergent Pre-soaks 
Storage batteries, 
Alloys e.g. solder, 
bronze, Petrol, 
Ammunition, 
Pigments 
Construction 
industry, 
Aircrafts, 
Aerospace 
industry  
Important ores  
Haeitite, 
Magnetite 
Limnonite, 
Siderite 
Pyrite  
Smaltite, 
Cobaltite 
Linnaeite 
Orpiment,  
Cobaltite,  
Realgar, Arsenolite 
Galena Anglesite 
Cerussite 
 
Where 
USSR, Brazil 
Australia, 
Australia 
Zaire, Zambia 
Australia, New 
Caledonia, 
USSR  
Canada 
USA, Sweden 
France, USSR  
Mexico, South West 
Africa (Namibia) 
  
 
6.1.1.  Sources of iron. 
6.1.1.1.  Natural sources. 
As the most abundant transition element iron nuclei are very stable giving it a very high cosmic 
abundance (fourth most abundant element and second most abundant metal in the earth’s crustal 
rock), it is also a component of “siderite” meteors (Table 2.8) (Förstner and Whitmann, 1981).  It is 
distributed as oxides and carbonates, the most important are: haematite (Fe2O3), magnetite (Fe3O4), 
limonite (~2Fe2O3.3H2O) and siderite (FeCO3) (Greenwood and Earnshaw, 1984).  Pyrite (FeS2) is 
also abundant but as it is difficult to eliminate the sulphur it is not used as a source of iron.  Iron 
distribution is influenced by weathering, as a result it leaches from sulphide and silicate deposits as 
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FeSO4 and Fe(HCO3)2.  
Table 2.8. Continue. 
 Manganese Cadmium Chromium Copper Zinc 
 Mn Cd Cr Cu Zn 
Latin  
Greek: 
cadmium earth, 
ancient name of 
calamine 
Greek: Chroma 
= Colour 
Latin: Aes cyprium 
later Cuprum 
German: Zince = 
Spike / Tooth 
Atomic number 25 48 24 29 30 
Number of 
naturally 
occurring 
isotopes 
1 8 4 2 5 
Atomic weight 54.94 112.41 51.996 63.546 65.38 
Abundance in 
earth’s crust 
12th element; 3rd 
transition element 
1060 ppm 
0.16 ppm 122 ppm 68 ppm 76 ppm 
Constituents 
of: 
Manganese 
nodules, several 
minerals 
 Emeralds, Rubies   
Uses 
Glass, Steel 
manufacture, 
Electrical 
instruments 
Protective 
coatings, 
Alloys, 
Batteries 
Non Ferrous 
alloys, 
Chromium 
plating, 
industrial dyes, 
Ink 
Electrical 
conductors, 
Coinage alloys, 
Bronze, Brass, 
Plumbing, 
Construction 
Anti corrosion 
coating, Roof 
cladding, dry 
batteries, 
Reducing agents, 
Dicasting 
Important ores  Pyrolusite 
Greenockite 
(Hexagonal 
CdS) 
Chromite, 
Crocoite, 
Chrome ochre 
Copper Pyrite, 
Chalcocite, 
Cuprite, Malachite 
Zinc blend, 
Calamine  
Where 
USSR, South 
Africa, Gabon, 
Brazil, Australia, 
India, China 
 
USSR, Southern 
Africa, 
Philippines 
North & South 
America, Africa, 
USSR  
Canada, USA, 
Australia 
 
6.1.1.2.  Anthropogenic sources. 
Anthropogenic activities are the major source of iron released into the ocean (Sadiq, 1992).  
Aluminium extraction from bauxite resulting in ‘red mud’, titanium dioxide production resulting in 
‘acid iron waste’ and other industrial, municipal effluents, corrosion of underwater man made 
structures and atmospheric fall out all contribute to high concentrations in estuaries and coastal 
areas where there are high human populations (Clark, 1992, Sadiq, 1992).  Western Europe 
produces approximately 7.5 million tons per year acid waste of which 5.6 million tons per year are 
discharged to the sea while Eastern Europe discharges approximately 2 million tons per year to the 
Baltic and Black Seas as well as to inland waters (Clark, 1989). 
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Table 2.9.  The concentration of metals along the South African coast, in the Indian Ocean 
and in pristine seawater as well as input produced by anthropogenic activities (Chester and 
Stoner, 1974, Clark, 1989, Fergusson, 1990, Förstner and Whitmann, 1981, Greenwood and 
Earnshaw, 1984, Sadiq, 1992, Ray, 1984, Thomps on, 1990). 
Metal 
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Dissolved Species 
Iron  2 x 102 1.2  (OO) 1.1 (NS) 3 560-25500 Fe(OH)3 ? 
Aluminium  1 x 102   5 1200-30000 Al(OH)4 - 
Arsenic 10 – 30 h 5 x 104   2.3 45-280 
HAsO4
2-, H2AsO4
-, 
AsO2
-, AsO4
3- 
Cadmium 10 – 30 y 1 x 106 0.07 (OO) 0.09 (NS)  0.05 0.35-43 
CdCl2, CdCl
+,CdCl3
- 
Cd2+ 
Cobalt   3 x 104   0.02 -------- Co2+, CoCl+ 
Chromium  6 x 103   0.6 -------- 
Cr3+ (Cr(III), Cr2O72-, 
CrO4
2- 
Copper  2 x 104 0.6 (OO) 0.7 (NS)  3 8.9-1300 CuCO3, Cu
2+, CuOH+ 
Manganese  1 x 104 0.23 (OO) 0.3 (NS)  2 9-920 Mn(OH)3,4? 
Lead 5 y 4 x 102   0.03 7-2650 
PbCl2, PbCl+ , PbOH +, 
Pb2+  
Zinc  2.1 x 104  1.4 (OO) 3.5 (NS)  5 67-8950 Zn2+, ZnCl+  
(OO) Open ocean; (NS) Near shore; h: hours; y: years 
 
6.1.2.  Metabolic importance of iron. 
Iron is an essential component of some metalloproteins such as myoglobin and haemoglobin 
(transporting and storing oxygen) and some metalloenzymes for example peroxidase, catalyse, 
cytochrome and nitrogenase (Greenwood and Earnshaw, 1984, Thompson, 1990). 
Though iron is an essential element it could lead to toxicity effects when concentrations get to high.  
Iron toxicity is also influenced by the form that it is present in (ferric or ferrous) and if it is in 
solution or in suspension (Robinson and Avenant-Oldewage, 1997). 
6.1.2.1.  Excess iron concentrations. 
Toxicological effects of increased iron concentration result in depressed Ca2+ release from the 
vesicles of cardiac sarcoplasmic reticulum (due to competition between the two Ca2+ and Fe2+ at the 
ryanodine receptors (Foulkes, 1998)).  It is also a dietary antagonist of copper metabolism and so it 
may redu ce tissue copper levels (Bremner and Price, 1985).  Increased iron concentration also lead 
to reduced fertilisation in fish (Clark, 1992).  Chronic toxicity in adult humans is common with 
three known accumulation methods.  The first is genetic and cause abnormal absorption of iron 
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from the intestinal tract, the second is caused by regular blood transfusion and the third is due to 
excess dietary input (Goyer, 1986).  All three have the same pathological consequences namely 
increased haemosiderin concentrations in the liver and pancreas parenchymal cells and in the 
endocrine and heart.  Other effects include liver dysfunction, diabetes mellitus, endocrine 
disturbances and cardiovascular effects.  The inhalation of iron oxides and dust result in the 
deposition of iron in the lungs, which lead to cancer, this is fairly common in hematite miners, iron 
and steelworkers and in welders. 
6.1.2.2.  Iron deficiency. 
It is still important to regulate iron consumption as decreased iron concentration in humans cause 
anaemia, impaired physical work capacity and reduced productivity, depressed immune 
responsiveness, poor neuro -psychological function and increased lead absorption (Sandstead, 1985, 
Watson, Morrison, Lyon, Bethel, Baldwin, Dobson and Hume, 1985).  
6.1.3.  Absorp tion and excretion of iron. 
Iron is absorbed (as haem iron and as soluble iron salts such as citrate and ascorbate) across the 
brush border of the mucosal epithelial cells of the gastrointestinal tract (Simkiss and Taylor, 1995).  
Here it is transported across the cell and released to the transferrin at the other side of the cell.  In 
mussels iron is taken up through pinocytosis in the gut (as transferrin) or the gills (as iron hydroxide 
and feritin), while in phytoplankton uptake involves receptor sites on  membrane transport proteins 
such as ATPases.  See also Chapter 3, Section 2.6.2.2.  Animals may also excreted iron by using 
granules (Clark, 1989). 
6.1.4.  Geochemistry. 
In aquatic environments iron exist in two oxidation states, ferrous (Fe2+) and ferric (Fe3+) (Table 
2.9) with the ferric ion the most common in surface water (Robinson and Avenant-Oldewage, 
1997). Its chemical behaviour is strongly affected by fluctuations in redox conditions of seawater, 
estuarine and interstitial water, which in turn is influenced by other factors such as microorganisms. 
Iron is classified as a particle reactive element indicating that is readily adsorbed onto particle 
surfaces, e.g. organic solvents (Robinson and Avenant-Oldewage, 1997, Santschi, Adler and 
Amdurer, 1981) , thus contributing a major component of suspended particulate (as oxyhydroxide) 
and marine sediments (Sadiq, 1992).   
Iron geochemistry show nutrient type behaviour (depleted concentration in the planktonic zone and 
increased concentration at deeper depth s where organic material is microbiologically decomposed 
(Sadiq, 1992)).  
In estuaries hydroxides (especially amorphous hydroxides: Fe(OH)3) precipitate, as time goes by 
the hydroxide transform to goethite (? -FeOOH), hydrated magnetite (Fe3(OH)8 or ferrosic oxide 
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(Fe3O4.4H2O) depending on redox and environmental conditions (Sadiq, 1992).  Excess iron may 
also precipitate directly as ferrosic oxide.  This precipitation of iron in estuaries reduces iron input 
to the ocean by as much as 90% of the river value (Boyle  et al., 1977). 
6.2.  Manganese. 
An essential physiological element in trace amounts manganese is a cofactor for enzymatic 
reactions such as phosphorylation, cholesterol and fatty acids synthesis and could become toxic 
when concentrations become too high (Clark, 1989, Goyer, 1986, Heath, 1987).  
In seawater manganese is a minor element (ng/ml) but occur in higher concentrations in estuarine 
and marine sediments and is accumulated in large quantities by the scallop, Pecten maximus (Clark, 
1989, Sadiq, 1992). 
6.2.1.  Sources of manganese. 
6.2.1.1.   Natural sources. 
Manganese is the twelfth most abundant element in the earth’s crust (1060 ppm) and the second 
most abundant metal in nature (Förstner and Wittmann, 1981, Greenwood and Earnshaw, 1984).  It 
is found in over 300 different minerals of which only two are of economic importance (Greenwood 
and Earnshaw, 1984).  In the marine environment the major source of manganese is manganese 
nodules that consist mainly of 10-Å manganite and d-MnO2 (Usui, 1979).  These nodules range in 
shape from irregular to spherical and are economically very important as other elements such as 
cobalt, nickel, zinc and copper are also present (Portman, 1972b). The 10-Å manganite occurring in 
the deep sea is usually present at the bottom surface while d-MnO2 is present at the top surface 
(Usui, 1979).   
6.2.1.2.  Anthropogenic sources. 
Manganese (Table 2.8) is used in steel alloys, dry cell batteries, electrical coils, ceramics, matches 
and glass dyes (Goyer, 1986).  Most of the manganese ore produced though are used in the 
manufacturing of steel (Greenwood and Earnshaw, 1984).  As manganese is a scavenger metal it 
removes elements that could possible reduce the steel quality and it also increases the steel’s 
hardness.   
6.2.2.  Metabolic importance of manganese. 
As an essential metal the chemistry of manganese closely resembles magnesium and as such they 
are readily interchanged in biological systems (Förstner and Whitmann, 1981), resulting in them 
both having similar functions, that of activating enzymes in vivo .  Manganese is a cofactor and 
catalyst for various enzyme systems such as the functioning of flavoprotein and the synthesis of 
sulphates (Robinson and Avenant-Oldewage, 1997) and plays a role in glucose utilization (Förstner 
and Whitmann, 1981).  Manganese is also an essential component of metabolic processes in animals 
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and bacteria. 
6.2.2.1.  Excess manganese concentrations. 
In fish high concen tration of manganese has resulted in a decrease in red blood cells due to internal 
haemorrhaging (Robinson and Avenant -Oldewage, 1997).  In humans there are two types of 
manganese toxicity resulting from inhalation of manganese (Goyer, 1986).  The first is  manganese 
pneumonitis (respiratory disease) due to acute exposure with symptoms such as epithelial necrosis 
followed by mononuclear proliferation.  The second is more serious and is a result of chronic 
manganese dioxide inhalation (manganism).  This disease affects the central nervous system and 
damages the subthalamic nucleus and pallidum.  Symptoms of manganism are irritability, difficulty 
in walking, speech disturbances and compulsive behaviour that may include running, fighting and 
singing.  Later symp toms include a mask like face; retropulsion or propulsion and a Parkinson like 
syndrome and liver cirrhosis. 
6.2.3.  Absorption and excretion of manganese. 
Of the 2 –  5 µg manganese absorbed by humans on a daily basis less than five percent is absorbed 
gastrointestinal from food sources like vegetables, spices, tea and the germinal portions of grains, 
fruits and nuts (Goyer, 1986). 
Two possible cellular adsorption routes have been described for manganese (Mn 2+) (Simkiss and 
Taylor, 1995).  In marine polychaetes manganese is absorbed through the calcium channels while in 
bacteria it is accomplished by a highly specific transport system.   
A detoxification method may include calcium-containing granules (Clark, 1989).  See also Chapter 
3, Section 2.6.2.1. 
6.2.4.  Geochemistry. 
Manganese (Table 2.9) exists in several oxidation states ranging from –3 to +7 with manganous 
Mn2+ and manganic Mn4+ being the most important (Robinson and Avenant -Oldewage, 1997).  This 
metal is not a hazardous pollutant in aquatic systems and rarely exceeds concentrations of 1.0 mg/l. 
In oceanic water manganese show high particle reactivity and a short residence time (Burton and 
Statham, 1990).  Describing the general geochemical behaviour for manganese is very difficult as it 
is strongly influenced by the redox and oxidation state of the environment (Sadiq, 1992); thus it 
varies from place to place.  Generally in oxygenated water Mn4+ is the more stable form while in 
reducing conditions Mn +2 is the more stable isotope. 
Chester and Stoner (1974) also found higher concentrations of manganese in coastal waters 
(averaging at 0,37 µg/l) than in open ocean waters (averaging at 0,22 µg/l).  Along the South 
African coastline manganese concentration ranging from 0,21 to 0,38 µg/l have been found. 
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6.3.  Aluminium.  
In weight aluminium is the most abundant metal in the earth’s crust (8,3%) and is a major 
constituent of many igneous minerals such as feldspars and mica (Table 2.8) (Greenwood and 
Earnshaw, 1984).  Gemstones such as rubies and sapphires are all impure forms of corundum 
(Al2O3).  Aluminium has an effect on many chemical processes, which could influence the chemical 
behaviour of other trace metals (Sadiq, 1992).  It is also soluble in low pH waters that may be 
caused by acid rain as has happened in Sweden (Moriarty, 1983). Recorded concentrations in 
seawater range from 0,5 - 2 ng/ml and its distribution is strongly influenced by the physiochemical 
characteristics of seawater and the anthropogenic activities in the area (Sadiq, 1992). 
Pure aluminium is not toxic and is used extensively in the construction industry in materials for 
screens and doors; it is also used in the aerospace industry in fuels (Greenwood and Earnshaw, 
1984). 
6.3.1.  Metabolic importance of aluminium. 
Goyer (1986) describes three categories of aluminium toxicity all of which are related to the 
accumulation that occur in the bones and other tissues in patients receiving haemolysis therapy for 
chronic renal failure. 
The first is the effect of aluminium compounds on the gastrointestinal tract where it inhibits the 
absorption of fluoride and possibly calcium and iron as well as cholesterol.  It could alter 
gastrointestinal tract mo tility by inhibiting acetylcholine-induced contractors leading to 
constipation.  The second is due to inhalation of aluminium compounds e.g. bauxite and results in 
restrictive and obstructive pulmonary diseases.  Lastly, systemic toxicity that includes 
encephalopathy and neurofibrillary degeneration that can be compared to the senility and dementia 
of Alzheimer may be observed. 
6.3.2.  Geochemistry. 
The reported data on aluminium oceanic distribution is complex and contradictory, suggesting that 
it is scavenged by particles resulting in strong seasonal variations in the concentrations in upper 
seawater (Sadiq, 1992).  The increase aluminium concentration observed with depth is attributed to 
terrestrial inputs, especially from the dissolution of gibbsite (Al(OH)3).  Mean residence time in 
oceans is 1 x 102 years (Table 2.9). 
6.4.  Cobalt. 
Constituting 29 ppm of the earth’s crust cobalt is the thirtieth most abundant element constituting 
between 0.3 to 0.7 µg/l in seawater (Greenwood and Earnshaw, 1984, Portman, 1972b).  Of the 
known 200 ores containing cobalt (Table 2.8), the most important ores are the arsenides and 
sulphides, such as smaltite (CoAs2), cobaltite (CoAsS) and linnaeite (Co3S4) all of which are 
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associated with nickel, copper and lead (Halstead, 1972). 
Cobalt is used to produce chemicals for ceramics and paint industries, high temperature alloys for 
gas turbine construction, magnetic alloys and cement for tungsten carbide in cutting tools 
(Greenwood and Earnshaw, 1984). 
Cobalt is an essential element in humans (e.g. it is a component of vitamin B) but could become 
toxic at high concentrations; it is also essential for algae growth (Clark, 1989, Goyer, 1986, Hodges, 
1973). 
6.4.1.  Sources of cobalt. 
6.4.1.1.  Anthropogenic sources. 
Cobalt is found in  the effluents of smelting, plating, dye, paint and other industries (Halstead, 
1972).  It is also a by -product of the smelting process needed to purify other meals such as copper 
from ore (Goyer, 1986). 
6.4.2.  Metabolic importance of cobalt. 
As a component of vitamin B12 cobalt is essential to humans in trace amounts and is widely 
distributed throughout the human body (Förstner and Whitmann, 1981, Goyer, 1986).  Occupying 
low symmetrical sites in enzymes Co (II) also act as an enzyme activator (Förstner and Whitmann, 
1981).  Studies have shown a concentration factor of 21000 times for marine organisms (Portman, 
1972b) 
6.4.2.1.  Excess cobalt concentrations. 
Cobalt salts in aqueous solution have been shown to cause skin lesion in humans and fish as well as 
cancer of connective tissue and lungs in humans (Halstead, 1972).  Excessive ingestion of cobalt 
leads to polycythemia in mammals with symptoms e.g. vomiting, diarrhoea and a sensation of 
warmth (Goyer, 1986).  Oral chronic exposure results in goitre production and cardiomyophathy 
(congestive heart failure), while the inhalation of cobalt salts cause respiratory problems due to 
pulmonary tract irritation. 
6.4.2.2.  Cobalt deficiency. 
A deficiency in cobalt may lead to low levels of red blood cells and pernicious anaemia as well as 
weight loss and retarded growth (Goyer, 1986). 
6.4.3.  Absorption of cobalt. 
In humans orally ingested cobalt are absorbed most probably in the jejunum (Goyer, 1986). 
6.4.4.  Geochemistry. 
Normal cobalt concentration in seawater is  between 0.3 –  0.7 µg/l, usually in the divalent or 
cobaltous form with a residence time in ocean water of 3 x 104 years (Table 2.9) (Portman, 1972b). 
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6.5.  Zinc. 
Constituting 76 ppm of the earth’s crust zinc is a “chalcophyl” as its most important ores are 
sulphides (Greenwood and Earnshaw, 1984).  It is an essential element for humans and is a building 
block of several proteins and structural components (Table 2.8) (Thompson, 1990).  Human oral 
toxicity is low, but zinc should be monitored due to its effect on marine life (Halstead, 1972).  Zinc 
concentration in muscle of fish (mainly in Europe) average 5.2 µg/g (Clark, 1989). 
6.5.1.  Sources of zinc. 
6.5.1.1.   Natural sources. 
Zinc is leached out of rock and precipitate as a carbonate silicate or phosphate (Greenwood and 
Earnshaw, 1984).  The most important ores are ZnS (zinc blend (Europe) or sphalerite (USA)) and 
ZnCO3 (calamine (Europe) or smithsonite (USA)).  Clark (1992) estimated that approximately 4000 
tons of zinc is released yearly from natural sources. 
6.5.1.2.   Anthropogenic sources. 
An approximate 314 thousand tons of zinc is released into the atmosphere per year with 67 (tropical 
North Sea) – 8950 (Pacific North Sea) ngcm -2yr-1 transferred to the ocean surface (Clark, 1992). 
Zinc is used in anticorrosion coatings, roof cladding and in the manufacturing of dry batteries 
(Greenwood and Earnshaw, 1984).  Near Amanzimtoti (Kwazulu Natal, South Africa) zinc is 
present in waste outfalls that also contain titanium dioxide waste (Clark, 1992).  Mining operations, 
electroplating and synthetic fibre production are also sources of zinc (Papadopoulou, Kanias and 
Moraitopoulou Kassimati, 1978, Portman, 1972b). 
6.5.2.  Metabolic effects.  
Zinc is one of the most abundant essential elements required by the human body and is needed for 
the formulation of genes (DNA and RNA) and for building proteins (Schroeder, 1971).  Like Co 2+, 
Zn2+ may also occupy low symmetrical sites in enzymes, thus it is an essential component of 
several enzymes (Förstner and Whitmann, 1981).  In marine fish, zinc levels in the kidney and liver 
are higher relative to the concentration found in muscle, with increasing age or length of the fish 
(Thompson, 1990).  Marine organisms may accumulate zinc up to 100000 times the environmental 
concentration (Portman, 1972b).  Though zinc is toxic to humans at very high doses it is unlikely 
that such high concentrations will be ingested from fish food sources as zinc turns fish a blue-green 
colour (Portman, 1972b). 
Sublethal zinc concentrations cause the production of abnormal polychaete larvae that is unable to 
survive, while exposure to high concentrations of zinc strengthens the jaw tips of Nereis (Clark, 
1989). 
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6.5.2.1.  Excess zinc concentrations. 
Needed for normal physiological functions in fish it becomes toxic at high concentrations (Heath, 
1987).  In humans zinc is not an accumulative element as it is modulated by homeostatic 
mechanisms that act principally on absorption mechanisms of metallothionein production (Cousins, 
1985).  In fish zinc accumulates in the gill filaments and gill arches as well as in the liver, pancreas 
and spleen as exposure time increases (Crespo, Flos, Balasch and Alonso, 1979).  As the 
concentration increases so do the negative effects that include inhibition of growth and maturation. 
Although human toxicity is uncommon, excess zinc may cause gastrointestinal distress and 
diarrhoea while inhalation of zinc fumes result in metal fume fever with symptoms ranging from 
chills, fever, profuse sweating and weakness (Goyer, 1986). 
6.5.2.2.   Zinc deficiency. 
In humans zinc deficiency is characterised by growth failure and delayed sexual maturation 
accompanied by protein caloric malnutrition, pellagram iron and folate deficiency (Goyer, 1986). 
6.5.3.  Absorption and excretion of zinc. 
In mammals zinc is mainly absorbed through the small intestine while in the puffer fish it appears to 
be a passive diffusion process (Simkiss and Taylor, 1995).  The process of zinc transport across 
membranes is still poorly understood (but is probably carrier mediated (Goyer, 1986)) and is 
inhibited by cadmium, manganese, N-ethylmaleimide, iodacetamide, pyrodixine and tryptophan 
(Simkiss and Taylor, 1995).  See also Chapter 3, Section 2.6.2.4. 
One route of zinc detoxification or excretion is by iron  containing granules (Clark, 1989). 
6.5.4.  Geochemistry. 
Present in trace amounts (0.1 – 7 ng/ml) in seawater, the main species in 35% salinity are Zn2+ and 
ZnCl- and the mean residence time in ocean water is 2.1 x 104 years (Table 2.9) (Clark, 1992, Sadiq, 
1992). 
6.6.  Chromium. 
Constituting 122 ppm of the earth crust rocks the main source of chromium is chromite; FeO.Cr2O3 
(Greenwood and Earnshaw, 1986, Portman, 1972b).  Chromium lethality or toxicity is dependent on 
its valence state (trivalent and hexa valent (Goyer, 1986)) and range from 18 to > 200 ppm 
(Portman, 1972b).  It is the hexavalent state (Cr6+) that is approximately 100 times more toxic to 
marine animals and humans than Cr3+ salts (Förstner and Whitmann, 1981, Robinson and Avenant-
Oldewage, 1997, Sadiq, 1992). 
6.6.1.  Sources of chromium. 
6.6.1.1.  Natural sources of chromium. 
Natural sources of chromium (Table 2.8) include crocite (PbCrO4) and chromeochie (Cr2Os), some 
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jewels like emeralds and rubies also contain chromium (Greenwood and Earnshaw, 1986).  Even 
though most chromium salts are soluble (some like the hydroxides and carbamates are relatively 
insoluble).  The normal concentration of chromium in seawater is only about 0.05µg/l (Portman, 
1972b). 
6.6.1.2.  Anthropogenic sources of chromium. 
Used in the production of “stainless” steel, non -ferrous alloys and chromium plating the world 
production of chromium approached nine and a half million tons in 1980 (Greenwood and 
Earnshaw, 1986).  Other sources of chromium include the electroplating, dying, plating and 
chemical industries, coal fired power plants, sewage sludge and phosphate fertilisers for agricultural 
use (Edel, Sabbioni, Pietra, Wallaeys and Manzo, 1985, Goyer, 1986, Sadiq, 1992, Halstead, 1972). 
6.6.2.  Metabolic importance of ch romium. 
Trivalent chromium is needed by mammals in trace amounts as it is a cofactor for insulin action and 
plays a role in the peripheral activities if insulin by forming a tertiary complex with insulin 
receptors where it facilitates insulin attachment to these sites (Goyer, 1986).  It also plays a role in 
fat and carbohydrate metabolism (Robinson and Avenant-Oldewage, 1997). 
As one of the least toxic trace elements on the basis of its oversupply and essentiality, the 
mammalian body can tolerate 100-200 times its total body content without harmful effects (Förstner 
and Whitmann, 1981). 
6.6.2.1.  Excess chromium. 
The major effect of ingested chromium is acute renal tubular necrosis while inhaled chromium 
causes cancer of the respiratory tract (Goyer, 1986).  Hexavalent chromium is also known to cause 
chronic ulceration and perforation of the nasal septum and ulceration of the skin surface. 
In fish high levels of chromium resulted in weight loss and reduced haematocrit and serum protein 
(Robinson and Avenant-Oldewage, 1997). 
6.6.2.2.  Chromium deficiency.  
A deficiency in chromium in the diet may lead to impaired glucose metabolism, growth and could 
have an effect on the lipid and protein metabolism (Goyer, 1986). 
6.6.3.  Absorption of chromium. 
The stomach plays an important role in the reduction of Cr6+ to Cr3+ of which gastrointestinal 
absorption is less than 1% (Förstner and Whitmann, 1981).  Hexavalent chromium crosses cell 
membranes bound to transferrin and by other anion transport mechanisms (Goyer, 1986, Simkiss 
and Taylor, 1995).  Intracellular the haxavalent chromium is then reduced to trivalent chromium.  
See also Chapter 3 Section 2.6.4.1. 
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6.6.4.  Geochemistry. 
Occurring in oxidation states (Table 2.9) ranging from Cr2- to Cr6+ chromium is an abundant 
element in the earth’s crust (Goyer, 1986, Sadiq, 1992).  Cobalt concentration in seawater range 
from 0.25 –  0.3 mg/ml (Sadiq, 1992), mainly in the CrO42+ and NaCrO4- forms (Clark, 1992).   
Chromium distribution in seawater is strongly influenced by the physicochemical characteristics of 
seawater and the anthropogenic activities in the area (Sadiq, 1992).   
In relatively unpolluted areas the background concentration is given as 0.5 ng/ml in Richardsbay 
(South Africa) chromium concentrations have shown seasonal variation, ranging from 0.69 µg/l in 
the winter to 0.01 µg/l in the spring (Parsons, Connel and Mndaweni, 1998, Sadiq, 1992). 
The vertical distribution of chromium is varied, sometimes decreasing with depth (eastern Tropical 
Pacific) and sometimes increasing with depth (North West Atlantic) even though surface 
concentrations decrease due to incorporation into the biological cycle (Sadiq, 1992). 
6.7.  Arsenic. 
Not an abundant element (heavy metal or metalloid) in the earth’s crust (1.8 ppm), this extremely 
toxic metalloid or semi metal is widely distributed (Flanjak, 1978, Greenwood and Earnshaw, 
1984).  In water concentrations of 1 – 10 ppm are toxic while in man 100 mg cause poisoning, 
while 130 mg has proven fatal (Portman, 1972b).  In some edible marine species concentrations of 
up to 100 ppm have been recorded (Edmonds, Francesconi, Cannon, Raston, Skelton and White, 
1977).  What is important is that the organic arsenic compounds are less toxic than the inorganic 
arsenic compounds.  This is different from most other elements (Clark, 1989). 
6.7.1.  Sources of arsenic. 
6.7.1.1.  Anthropogenic sources. 
Most arsenic is released from anthropogenic sources as it is present in industrial, mining, biocidal 
effluents and in the discharges and atmospheric fallout released by burning of fossil fuels (Halstead, 
1972, Hodges, 1973, Sadiq, 1992).  It is used (Table 2.8) in paint pigments, medical preparations, 
biocides, textile dyes, lead alloys for bullets and shots, pyrotechnical and boiler compositions as 
well as in the glass industry and wood preservatives (Greenwood and Earnshaw, 1984, Halstead, 
1972, Sadiq, 1992).  Approximately 50000 tons of arsenic is produced annually in the USA, 
Sweden, France, USSR, Mexico and South West Africa. 
A few arsenic pesticides include arsenious oxide (As2O3) and acid lead arsenate (PbHAsO4) used to 
kill insects (Hodges, 1973). 
6.7.1.2.  Natural sources. 
Naturally occurring as arsenides (like domykite: Cu 3As, sulphides (realgar: AsS) and arsenates 
(erythrite: (CoNi)3(AsO4)2.8H2O) it is mainly concentrated in shale, coal, clays, phosphates, coals 
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and in sedimentary iron and manganese ores (Greenwood and Earnshaw, 1984, Sadiq, 1992).  
Arsenic is also found in ores containing lead, zinc copper, gold, silver, cobalt, nickel and tin 
(Ferg usson, 1990, Portman, 1972b). 
6.7.2.  Metabolic importance of arsenic. 
As a cumulative poison with a concentration factor of 3300 in marine animals it is important to 
monitor its concentration and the effects it has on humans and wildlife (Portman, 1972b).  Marine 
animals tend to accumulate very high concentrations of arsenic, thus for people who consume 
plenty of fish it may become a problem (Kurosawa, Yasuda, Taguchi, Yamazaki, Toda, Morita, 
Uehiro and Fuwa, 1980).  The toxicity of arsenic decrease in the following order: As3+ > As5+ > 
organo -arsenic, while AsH3 is very toxic (Fergusson, 1990). 
6.7.2.1.   Excess arsenic concentrations. 
Though naturally occurring arsenic is rapidly excreted by the human kidney, excess arsenic have 
been shown to cause cancer of the skin (hyper pigmentation to areas not exposed to the sun and 
hyper keratosis on the palms of hands and feet) and lung (Edmonds et al., 1977).  Arsenic may also 
cause cancer of the bladder and liver (cirrhosis and haemongioendothelioma) (Fergusson, 1990, 
Halstead, 1972). Ingestion of 70 – 180 mg arsenic may prove fatal but arsenic poisoning is 
characterised by fever, anorexia, hepatomegaly, melanosis and cardiac arrythmiae to name but a 
few.  Other health effects include interfering with porphyrin biosynthesis, effecting white blood 
cells, reproductive system (spontaneous abortion), peripheral neuritis and motor sensory paralyses 
(Fergusson, 1990). 
Acute effects of oral arsenic intake are intense abdominal pains, nausea, vomiting, diarrhoea, coma 
and death (Goyer, 1986).  Irritation of the nose and throat are symptoms of arsenic inhalation.  
Other neurological symptoms that can occur are headaches, vertigo, restlessness and irritability.  
Injuries caused by longterm-contaminated water include the gastrointestinal track, liver, skin and 
nerve tissue (Förstner and Whitmann, 1981). 
Trivalent arsenic (AsO4)3- binds to HS- and HO groups of enzymes inhibiting the function of the 
pyruvate oxidase system, d-amino acid oxidase, choline oxidase and transaminase, which in turn 
effect mitochondrial enzymes and impair tissue respiration (Fergusson, 1990, Goyer, 1986). 
Arsenates are disruptive as it competes with phosphate e.g. it uncouples oxidative phosphorylation 
by producing an arsenate ester of ADP that is unstable and undergoes hydrolysis non -enzymatically 
thus inhibiting the energy metabolism.  Arsenic may also replace the phosphorous in DNA thus 
inhibiting the DNA repair mechanism (Fergusson, 1990). 
In the animal kingdom arsenic cause liver lesions in fish and inhibits algae growth and sexual 
reproduction (Heath, 1987, Langston, 1990). 
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6.7.3.  Absorption and excretion of arsenic.  
The stable, soluble inorganic arsenites (AsO2-) and arsenates (AsO43-) are absorbed by the digestive 
tract, abdominal cavity and muscle tissue while excretion usually occurs through urine (Förstner 
and Whitmann, 1981).  Arsenate is excreted faster than arsenite and also has a lower toxicity, as it 
does not inhibit enzyme systems. 
Arsenic can be taken up by inhalation or by ingestion depending on the source (air, water or food).  
In uncontaminated environments up to 5 µg/day of arsenic can b e taken up by inhalation and drink, 
this amount may increase in smokers.  Intake via food range from 10 –  1000 µg/day depending on 
seafood consumption and the use of arsenic pesticides.  Of the inhaled arsenic around 32 –  62% is 
deposited in the lungs and thus depend on the particle size. A 100% absorption of soluble species 
and gaseous compounds (AsH3 and (CH3)3As) have been recorded.  Absorption in the gut 
(inorganic compounds) depends on the solubility of the compound and range from 5 – 25%, 100% 
absorption has also been recorded.  The organoarsenic compounds found in fish are completely 
absorbed in the gastrointestinal tract.  All absorbed arsenic is rapidly distributed through the body, 
accumulated in tissues like hair and nails (possibly due to the strong bond between As3+ and 
sulphur) and also rapidly excreted (Fergusson, 1990). 
In mice orally ingested arsenic is absorbed in the gastrointestinal tract and again excreted in urine 
(as dimethylarsinic acid) and faeces (Goyer, 1986).  Some arsenic is excreted by desquamation of 
the skin, in sweat and in nails and hair. 
In marine animals arsenic is usually organically bound (only a small portion of the total arsenic is 
present as inorganic arsenic e.g. arsenic trioxide, thus it is relatively non-toxic as it is rapidly 
excreted (Glover, 1979, Goyer, 1986). 
6.7.4.  Geochemistry 
Fig. 2.6 gives an indication of the exchange of arsenic species between the different environments.  
In seawater (Table 2.9) arsenic normally occur as organic and inorganic species of the pentavalent 
arsenate (As5+) and the trivalent arsenite (As3+) though methylated forms also occur in surface 
seawater (Burton and Statham, 1990, Fergusson, 1990, Sadiq, 1992).  Pristine seawater has an 
arsenic concentration of around 2 mg/l (~2000ng/l) this concentration increases near anthropogenic 
sources resulting in concentrations of up to 4 ng/ml and also with depth (~3500 ng/l) (Fergusson, 
1990, Sadiq, 1992).   
Affected by the precipitation and dissolution of solid phases, chemical speciation, oxidation and 
redox transformations, adsorption and desorption on particulate and biological interactions, the 
marine geochemistry of arsenic is complex and show no single trend in its vertical distribution 
(Burton and Statham, 1990, Sadiq, 1992).  A generalisation that can be made is that arsenate is the 
dominant species in depths, below the euphotic zone arsenite is more dominant (Burton and 
 38 
Statham, 1990). 
 
Figure 2.6.  Schematic diagram illustrating the exchange of arsenic between the atmosphere, 
sediments and biosphere (Furgusson, 1990).  
 
6.8.  Lead. 
An accumulative poison in humans, with an average of 0.25 ppm in blood, (levels higher than 0.8 
ppm are associated with lead poisoning) lead has a concentration factor of 1400 in marine animals 
and a biological half live of five years (Table 2.9) (Hodges, 1973, Portman, 1972b).  Lead is the 
36th abundant element in the earth’s crust (13 ppm) occurring with other elements such as copper, 
zinc, arsenic, gold, silver and tin (Demayo, Taylor, Taylor and Hodson, 1980, Greenwood and 
Earnshaw, 1984). 
Though not of biological importance lead is present in all biological systems and the chemical form 
in which it is present determines its toxicity (Goyer, 1986, Sadiq, 1992).  Most of the biological 
affects caused by Pb 2+ are due to its inhibiting or mimicking of Ca2+ (Vig, Pentyala, Chetty, 
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Species: arsenates, arsenites, oxides, R3As , RAsH2 
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 BIOSPHERE 
Species: As(III), As(V), MeAsO(OH)2, Me2AsO(OH) 
Marine Fish: 0.2 - 10mg/g 
Blood: 0.0017 – 0.09 mg/L 
Species: Arsenate, arsenite, sulphide, oxide 
Crust: 1.52 mg/g-1 
Soil mean: 7.2 mg/g  
Rocks igneous: 1.5 mg/g  
 Sedimentary: 7.7 mg/g  
LITHOSPHERE 
Species: HasO42-, H2AsO4-, AsO32-,RasO(OH)2 
Oceans concentration: 0.5 –  3.7 mg/l 
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Concentration: <0.4 – 455 mg/g 
SEDIMENTS 
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Rajanna and Desaiah, 1994).  Calcium and lead desorption from bone is very similar and 90% of 
lead that is retained in the body is in the skeleton (Förstner and Whitmann, 1981). 
6.8.1.  Sources of lead. 
In, 1992 the total world production of lead was estimated at 3 million tons per year compared to the 
3517,7 tons in, 1980 of which 180 000 tons were discharged into the oceans by rivers in dissolved 
form and in suspended sediments (Clark, 1992, Demayo et al., 1980).  The main producers of lead 
(Table 2.8) ore are the USA, USSR, Australia and Canada.  Patterson et al., 1977b (cited by 
Förstner and Whitmann, 1981) reported that industry resulted in the release of 300 000 tons of lead 
into the ocean while Neolithic inputs constitute 114 000 tons per year. 
6.8.1.1.  Natural sources. 
The main natural sources of lead are the sulphide ore galena: PbS and the carbonate ore cerussite: 
PbCO3 (Fergusson, 1990, Portman, 1972b).  Other important sources of natural lead are anglesite: 
PbSO4, pyromorphite: PbCl2.3Pb3(PO4)2 and mimetite: Pb5(AsO4)3Cl (Demayo et al., 1980, 
Greenwood and Earnshaw, 1984).  Lead also occurs with zinc as sphalerite and with copper as 
chalcopyrites (Fergusson, 1990). 
6.8.1.2.  Anthropogenic sources. 
It is unfortunate that anthropogenic inputs exceed natural sources of input of lead to the 
environment (Sadiq, 1992).  Due to the widespread use of lead it is understandable, especially as 
80% of lead used in the manufacturing of automo bile storage batteries re-enters the market 
(Demayo et al., 1980). 
In Ancient Egypt lead was used to glaze pottery, while the Romans used it for water pipes and 
plumbing (Greenwood and Earnshaw, 1984).  In modern times lead is used for storage batteries, 
pipes, a variety of alloys and chemicals, ammunition, petrol (including coal emission fumes) and in 
rust inhibiting priming and indoor paints, building materials and radiation shielding (Clark, 1989, 
1992, Demayo et al., 1980, Fergusson, 1990, Goyer, 1986).  Lead is also present in sewage sludge 
and in industrial emissions from ferrous metal and iron and steel production (Clark, 1992, Sadiq, 
1992). 
6.8.2.  Metabolic importance of lead. 
Although food is the principal route for lead exposure in humans, environmental and other 
controllable sources result in a daily uptake of between less than 0.1 mg/day to levels exceeding 2 
mg/day (Goyer, 1986). 
In Cristigera  (a ciliated protozoan) exposure to sublethal concentration results in decreased growth, 
it also reduces the growth of the crustacean, Artemia  (Clark, 1989).  Marine animals may 
accumulate lead up to 1400 times the environmental concentration (Portman, 1972b). 
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6.8.2.1.  Excess lead concentration. 
Lead is not an essential element for humans but do have an accumulative metabolic poison effect 
(its half-life is 20 years), affecting the haematopoietic, cardio vascular, nervous, renal and 
reproductive systems.   Lead is also known to cause mental retardation and hyperactivity in children 
(Demayo et al., 1980, Goyer, 1986).  Symptoms of acute lead poisoning are nausea, vomiting, 
abdominal pains, anorexia, constipation, insomnia, anaemia, irritability, mood disturbance and 
circulatory disorder (Förstner and Whitmann, 1981).  Further exposure to excess lead 
concentrations result in restlessness, hyperactivity, confusion, and impairment of memory, coma 
and death.  Lower level lead exposure will firstly result in impaired haem synthesis (Fergusson, 
1990). 
As lead interacts with proteins and enzymes by binding to carboxyl or sulfhydryl groups it is more 
strongly bound to sulphur containing ligands and to phosphorylgroups though it does form bonds 
with oxygen and nitrogen containing ligands (Demayo et al., 1980).  Lead also binds to phosphate 
containing ligands and inhibits  the biosynthesis of haem, thus affecting membrane permeability of 
kidney, liver and brain cells.  As lead is an accumulative poison it results in the reduced functioning 
or complete breakdown of these tissues (Förstner and Whitmann, 1981). 
Most of the lead in blood is present in the red blood cells causing anaemia due to a shortened red 
blood cell life span attributed to increased mechanical fragility of the ferrochelatase activity, 
reducing the incorporation of ferrous iron into the porphyrin ring structu re. 
Lead encephalopathy is accompanied by cerebral endema, increased cerebral spinal fluid pressure, 
proliferation and swelling of capillary and arteriole endothelial cells, glial cell proliferation, 
neuronal degradation and areas of focal cortical necrosis (Goyer, 1986).  Irreversible chronic effects 
in the kidney include intestinal nephropathy that is characterised by vascular sclerosis, tubular cell 
atrophy, intestinal fibrosis and glomerular sclerosis.  Other lead toxic effects include sterility, 
abortion and neonatal mortality, morbidity, chromosomal defects and cancer (Goyer, 1986, 
Halstead, 1972). 
In fish concentration of 1 to 500 mg/l is lethal while chronic exposure of 0.007 – 0.02 mg/l have 
adverse effects on their growth and biochemical responses.  Lead toxicity in fish also has an effect 
on survival and reproduction and cause anaemia, red blood cell stripping and excess mucous 
production (Demayo et al., 1980). 
6.8.3.  Absorption and excretion of lead. 
Although the main source of lead is through diet, 5 – 15 % is absorbed in the gastrointestinal tract 
(Demayo et al., 1980, Goyer, 1986).  Absorption is affected by different factors such as the amount 
and type of fat present in the diet and corn oil and mineral levels in the diet.  Lead is also absorbed 
in the lungs. 
 41 
Uptake of lead is believed to follow the calcium pathway and it may also mimic zinc.  Another 
possible route of absorption is by endocytosis of lead across the cell membrane (Simkiss and 
Taylor, 1995).  See also Chapter 3, Section 2.6.3 and Section 2.6.4.2.  
In Mytilus large quantities of lead is stored in granular form in the digestive gland as a means of 
detoxification (Clark, 1989). 
6.8.4.  Geochemistry. 
A widely used element, lead has two oxidation states: Pb 2+ and Pb 4+.  Lead also forms  compounds 
with electronegative ligands (e.g. O2-, Cl-) and reducing ligands (I-,  S2-).  The stability of lead 
compounds follow the order: inorganic Pb2+ > organolead Pb4+ > inorganic Pb4+ > organolead Pb2+, 
as a result the major inorganic forms of lead are divalent while the organic forms are tetravalent 
(Fergusson, 1990). 
Fig. 2.7 gives the relationship between the different environment types and the flow of lead species 
between them. 
Lead concentration in marine water range from 0.01 – 27 ppb with the highest concentration found 
near urban areas (Sadiq, 1992).  Near Amanzimtoti and Durban on the east coast of Southern Africa 
marine sediments have a lead concentration of 30 mg/kg (Clark, 1992). 
The major form of lead that is released to the marine environment is in particulate form which 
means that they will settle on the continental shelve and that sediments are the primary sink for lead 
with fine particulate and dissolved fractions reaching the open ocean (Albaigés, 1989).  See Fig. 2.8 
for a diagrammatic representation of lead cycling in the marine environment. 
Most of the lead present in marine surface waters is due to atmospheric fallout thus the 
concentration decrease with depth (Fergusson, 1990). 
Reports on the vertical distribution of lead in marine waters are conflicting as some authors found a 
correlation between concentration and depth and others did not (Sadiq, 1992).  What is known is 
that lead is removed from the surface waters by complexation with organic matter and silt or by 
entering biological reactions (Demayo et al., 1980).  As lead is mainly present in an inorganic form 
in the environment and in the marine environment associated with suspended particulates, it 
accumulates in sediments (Sadiq, 1992). 
6.9.  Copper.  
An essential element for humans, crustaceans and molluscs, coppers toxicity is determined by its 
chemical form of which the free cupric ion (Cu 2+) is the most biotoxic form (Parsons et al., 1998, 
Sadiq, 1992).  Copper is classified as the third most toxic metal after mercury and silver as it is 
accumulated by organisms (Clark, 1992).  Some bivalves accumulate such high concentrations of 
copper that their flesh becomes green and they develop a metallic smell (concentration factor for 
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oysters are 7500).  Polychaete larvae produced after the adults were exposed to sublethal copper 
concentrations were abnormal (Clark, 1989). 
Figure 2.7. Schematic diagram illustrating the exchange of lead between the atmosphere, 
lithosphere, biosphere, hydrosphere and sediment (Fergusson, 1990).  
 
6.9.1.  Sources of copper.  
Occurring in its elemental form, copper concentration in the earth’s crust is 68 ppm (Greenwood 
and Earnshaw, 1984).   
6.9.1.1.  Natural sources. 
Mineralised rock erosion yields and estimated input of 325000 tons per year to the marine 
environment (Clark, 1989).  Copper is found in the environment (Table 2.8) as sulphides, 
carbonates and as arsenides, the major ores are copper pyrite / chalcopyrite: CuFeS2, copperglace / 
chalcocite: Cu2S, cuprite: Cu2O and malachite: Cu(O3(OH)2) (Greenwood and Earnshaw, 1984, 
Sadiq, 1992). 
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Figure 2.8.  A diagrammatic representation of lead cycling in marine waters and sediment 
(Adapted from Albaigés, 1989). 
 
6.9.1.2.  Anthropogenic sources. 
Copper is widely used in agriculture, industry, municipalities  and domestically (Sadiq, 1992).  Used 
in electrical equipment, alloys (e.g. Monel), chemical catalyst, paints, algicides, wood preservatives 
approximately 7.5 million tons of copper is produced per year (Clark, 1992, Greenwood and 
Earnshaw, 1986).  Copper is introduced into the marine environment via atmospheric deposits 
(approximately 100 000 metric tons per year), discharges from mine tailing and fly ash and vessel 
and harbour related activities (Sadiq, 1992, Young, Alexander and McDermott-Ehrlich, 1979).  As 
an antifouling agent in vessel bottom paints copper poses a serious threat to nearshore marine 
ecosystems (Young et al., 1979). 
6.9.2.  Metabolic importance of copper. 
An essential element, copper is a catalyst for many enzyme systems such as cytochrome oxidase, 
the electron carrier plasocyanin, tyrosinase, superoxide dismutance and amine oxidase (Goyer, 
1986, Sadiq, 1992).  Copper plays and important role in iron utilization and form a part of the 
respiratory pigment, haemocyanin found in crustaceans, gastropods and cephalopods.  Marine 
organism may concentrate copper to 7500 times that of the environment (Clark, 1992, Portman, 
1972b). 
Copper retention is dependent on the molybdenum status of the diet, which in turn is dependent on 
the inorganic sulph ate status of animal diets.  Copper toxicity or deficiency is related to the dietary 
levels of zinc, iron and calcium (Förstner and Whitmann, 1981). 
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6.9.2.1.  Excess copper concentrations. 
In fish Cu2+ causes cell damage as it alters the active sites of cellular enzymes and the peroxidation 
of membranes, it also damage fish organs such as increasing the necrosis of the interstitial 
haematopoietic tissues in the kidney (Robinson and Avenant-Oldewage, 1997). 
Though acute copper poisoning may occur after inges tion of copper salts (usually copper sulphate) 
most increased copper concentrations in humans are a result of one of two genetically inherited 
faulty copper metabolisms (Goyer, 1986).  Copper is toxic to man at concentrations of about 100 
mg (Portman, 1972b). 
Wilson’s disease is characterised by an excessive accumulation of copper in the liver, brain, kidney 
and cornea while the seruloplasmin is low and serum and urine copper concentrations are high.  The 
results are clinical abnormalities of the nervous sy stem, liver, kidney and cornea. 
Menke’s disease (kinky hair syndrome) is a sex-linked trait characterised by peculiar hair, failure of 
the baby to thrive, severe mental retardation, neurological impairment and death at approximately 
three years of age.  Autopsies have shown low copper concentrations in the brain and liver but high 
concentrations in other organs, it also showed degenerated cerebral cortex and white matter. 
6.9.2.2.  Copper deficiency. 
Copper deficiency is characterised by hyperchromic, micro cytic anaemia resulting from defective 
haemoglobin synthesis (Goyer, 1986). 
6.9.3.  Absorption, excretion and detoxification of copper. 
As an essential element (Simkiss and Taylor, 1995) copper is absorbed by mammals in the stomach 
(gastric mucosa) and in the small intestine (brush border membranes).  Its uptake or absorption is 
regulated by the copper stores in the body and it is stored in the liver and bone marrow, usually as 
metallothioneins (Goyer, 1986). 
In the animal world, salinity plays an important role in the absorption of copper with higher 
concentrations of copper found in freshwater than in estuarine organisms (Wright and Zamuda, 
1987).  This might be due to the changes in biological activity or physiological processes resulting 
in different metabolic rates and filtration rates in feeding.  It might also be due to the different 
chemical speciations of the elements leading to reduced bioavailability as copper forms complexes 
with organic material.  So there are two major detoxification methods of copper, copper containing 
granules and metallothioneins (Clark, 1989).  See also Chapter 3, Section 2.6.2.3.  
6.9.4.  Geochemistry. 
In nature copper occur in three oxidation states (Table 2.9) Cu 1+ to Cu3+ (Robinson and Avenant-
Oldewage, 1997).  The cupric form quickly forms complexes with inorganic and organic substances 
and adsorbs onto particulate matter.  This result in little free copper ions in aquatic water (except in 
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acidic soft water). 
World wide copper concentrations range from 5 –  29200 mg/l (parts per trillion) with elevated 
levels associated with estuarine and coastal waters (Sadiq, 1992).  In relatively uncontaminated 
water the copper concentration is around 100 ng/l (0.1 part per billion).  In 1997, the copper 
concentration in seawater just of Richards Bay (South Africa) ranged from 0.67 µg/l (May) to 0.04 
µg/l in October (Parsons et al., 1998). 
The vertical distribution of copper shows nutrient type behaviour (Sadiq, 1992), in other words the 
concentration is very low at the surface but increases with depth.  This may be due to biological 
reactions.  Many animals need copper for normal growth thus it is removed from the surface water 
by direct uptake into organisms.  As these animals die and sink to the bottom the copper is released 
as their bodies are degraded and the copper is released into the environment. 
6.10.  Cadmium. 
As a priority pollutant cadmium only became industrially important in the 1930’s with production 
reaching 17576 metric tons in 1969 (Fleischer, Sarofilm, Fassett, Hammond, Shacklette, Nisbet and 
Epstein, 1974, Goyer, 1986, Sadiq, 1992).  Toxic to marine animals and humans, this relatively 
modern toxic metal was first identified in 1817 (Berndt, 1993).  A rare element in the earth’s crust 
at 0.15 – 0.2 ppm this sulphophilic ele ment is found in sulphide ores with zinc (Fleischer et al., 
1974, Greenwood and Earnshaw, 1984, Sadiq, 1992). Cadmium is always found in association with 
zinc and this is problematic as cadmium then usually replaces zinc (an essential element) leading to 
health problems (Schroeder, 1971).  Cadmium may also accumulate in the kidney, liver and blood 
vessels causing high blood pressure.  
6.10.1.  Sources of cadmium.  
6.10.1.1.  Natural sources. 
Slightly concentrated in shale, lacustrine and oceanic sediments as well as manganese nodules and 
marine phosphates the commercially important ores are sulphide deposits that are also rich in zinc, 
copper, mercury and lead (Table 2.8) (Fergusson, 1990, Fleischer et al., 1974).  The most important 
ore is greenockite (CdS) while others (hawleyite and cadmoselite) are rare and of secondary origin 
(Fleischer et al., 1974, Greenwood and Earnshaw, 1984). 
6.10.1.2.  Anthropogenic sources. 
Cadmium is released into the atmosphere by smelting ores, the electroplating, battery and aircraft 
industries, as well as the manufacture of metallic alloys, the burning of coal, oil, sewage sludge and 
cadmium weighted plastics (Dressing, Maas and Weiss, 1982, Fleischer et al., 1974).  Specific uses 
of cadmium are alloys, plating metals, pigments, batteries, fungicides, nuclear control rods, 
phosphors, ceramics and polyvinyl plastics (Fleischer et al., 1974, Greenwood and Earnshaw, 
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1984). Anthropogenic sources of cadmium are galvanised iron water pipes, copper pipes, zinc and 
copper smelters that release cadmium into the air as does coal, petroleum, gasoline and the burning 
of red and yellow coloured plastics (Schroeder, 1971). 
6.10.2.  Metabolic importance of cadmium.  
This highly toxic element has no known biological function and its low acting effects are possibly 
due to its sequestering by metallothioneins and its long biological half-life of 10 – 25 years (Koller, 
Exon and Roan, 1975, Lang, Miller, Ritacco and Marcy, 1981, Thompson, 1990)).  It is present in 
water, meats, grains, vegetables and even cigarettes are rich in cadmium (Koller et al., 1975, 
Sandstead, 1985).  Like zinc and mercury, cadmium has a high affinity for –SH and imidazole 
containing ligands, and the stability of the complex increases in the order of zinc < cadmium < 
mercury.  Thus cadmium and mercury will replace zinc in zinc containing metalloenzymes and 
negatively affect the metabolism (Förstner and Whitmann, 1981). 
6.10.2.1.  Excess cadmium concentrations. 
The effects of cadmium on humans will be discussed under acute oral effects, acute inhalation and 
chronic inhalation effects (Fleischer et al., 1974) and other effects. 
i.  Acute oral effects. 
Similar to that caused by zinc, a dose of 15 – 30 mg induces symptoms such as nausea, abdominal 
pain and vomiting that are usually followed by acute gastroenteritis (Berndt, 1993, Fleischer et al., 
1974, Goyer, 1986). 
ii.  Acute inhalation effects. 
The inhalation of metallic fumes or cadmium dust causes acute pulmonary oedema while exposure 
of 8 mg/m3 over five hours is lethal (Fleischer et al., 1974). 
iii  Chronic inhalation effects. 
Chronic inhalation of cadmium causes obstructive pulmonary disease associated with chronic 
bronchitis, progressive fibrosis and alveolar damage that leads to chronic emphysema (20 years of 
exposure) and renal disturbance (low molecular weight protein excretion in urine) (Bernd, 1993, 
Fleischer et al., 1974, Goyer, 1986).  It has an effect on the cardiovascular and skeletal systems.  
Symptoms of chronic emphysema are dyspnoea, reduced vital capacity, increased residual volume, 
lung lesions and necrosis of the alveolar macrophages (Goyer, 1986).  
The incubation period for chronic cadmium intoxication ranges between 5 – 10 years, sometimes up 
to 30 years.  The first phase of cadmium poisoning is yellow coloration of teeth, loss of smell and a 
dry mouth (Förstner and Whitmann, 1981).  Secondly there is a decrease in red blood cells resulting 
in the impairment of bone marrow.  Characteristic features of the disease are lumbar pains and leg 
myalgias while severe kidney damage results in the urinary excretion of albuminous substances.  
The effect that cadmium has on the calcium metabolism is illustrated by the softening of bones, 
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fractures and skeletal deformations as well as a decrease in body height. 
iv.  Other effects. 
Other effects of cadmium exposure are anaemia, hypertension, early testicular atrophy and Itai-Itai 
disease.  Itai-Itai disease is also associated with long-term exposure together with old age, low 
nutritional status and multiparous motherhood (Balazs , Hanig and Herman, 1986, Fleischer et al., 
1974, Vigliani, 1969).  Symptoms of Itai-Itai disease are skeletal changes, protonuria, glucosuria 
and aminoaciduria. 
In mice cadmium induces immunosuppression, thus decreasing the number of antibody forming 
cells it depresses serum antibody titters (Dean, Murray and Ward, 1986, Koller et al., 1975).  It may 
also impair the catabolism of light chains in the renal tubular epithelial cells and in the 
reticuloendothelial system while prolonged cadmium exposure causes  renal lesions in the cortex 
(Koller et al., 1975). 
In rats cadmium causes acute necrosis of the testis, blastulation of the foetal placenta, tumours, 
renal arterial thickening, diffuse fibrosis of capillaries and atrophy (Balazs et al., 1986). 
In dogfish cadmium applied to the vascular smooth muscle rings of the ventral aorta results in 
contraction of the muscle.  Cadmium also has a negative effect on fish reproduction (Evans, 
Weingarten and Walton, 1990, Fleischer et al., 1974). 
6.10.3.  Absorption and excretion of cadmium. 
In man, cadmium is mainly absorbed through the lungs and the mouth with poor absorption from 
the gastrointestinal tract (Fleischer et al., 1974).   
Cadmium’s transport mechanisms through the intestinal mucosa are similar to those of copper and 
iron and cadmium is stored in the liver and the kidney (Fleischer et al., 1974, Foulkes, 1991, 
Olsson, Larsson and Haux, 1996).  In fish gill epithelial cells, cadmium is taken up by a common 
channel for Ca2+, Cd2+ and Zn2+, diffusion may also play a role (Block and Pärt, 1992, Verbost, Van 
Rooij, Flik, Lock and Wendelaar Bonga, 1989, Ray, 1984). 
In other organisms the uptake of cadmium varies between a Cd2+ transporting system (bacteria), 
diffusion (mussels) and facilitated diffusion (polychaetes) (Simkiss and Taylor, 1995).  In 
mammals, absorption is influenced by age, sex, location and diet composition, especially 
deficiencies in calcium, iron and proteins (Goyer, 1986). 
In fish cadmium mainly enters through the gills using a transcellular route that interfere with 
calcium accumulation at the apical membrane, the intracellular calcium buffering system and the 
basolateral membrane (Sadiq, 1992, Verbost et al., 1989).  This interference is due to the higher 
affinity for cadmium than for calcium.  Cadmium may also bind to calmodulin (a calcium binding 
ligand) and calcium binding proteins and transferred across the apical membrane using La3+ 
inhibitable calcium channels. 
 48 
Detoxification of cadmium usually involves binding to metallothioneins, cysteine or glutathione 
(Foulkes, 1993).  In rainbow trout cadmium has been found bound to a non-metallothionein protein 
located in the cytosol portion of cells (Heath, 1987). 
6.10.4.  Geochemistry. 
The original oxidation state of cadmium is Cd2+ though Cd1+ in Cd22+ species exists (Fergusson, 
1990).  Cadmium chemistry is also very similar to that of zinc.  Fig. 2.9 illustrates the 
biogeochemical cycle of cadmium. 
Figure 2.9.  The geochemical cycling of lead (Fergusson, 1990). 
Seawater contains an average of 0.15 ppb (µg/l) cadmium, most originating from anthropogenic 
activities (thus concentrated to the shoreline), while a concentration of 0.04 – 1.88 ppm have been 
reported for oceanic sediments (Fleischer et al., 1974).  In marine environments cadmium is usually 
present as free cadmium ions, with the predominant form being the neutrally charged complex 
(Table 2.9) CdCl20 (Engel, Sunda and Fowler, 1981).  Little or no cadmium is adsorbed onto 
particulate matter in seawater (Ray, 1984). 
In the open ocean, cadmium displays a nutrient like distribution (Burton and Statham, 1990, 
Fergusson, 1990, Sadiq, 1992).  This might be due to the high affinity cadmium has for biogenous 
particulate matter, resulting in its uptake by plankton and other microorganisms in the surface 
waters.  As these organisms die and sink to the bottom the cadmium is released resulting in an 
increase in the cadmium concentration with depth.  Another explanation for the nutrient behaviour 
is the enhanced calcite supersaturation caused by the high biological activity that will result in the 
adsorption of cadmium onto the biogenic calcite surfaces thus reducing the cadmium concentration.  
(Sadiq, 1992)   As depth increases the calcite supersaturating decreases and cadmium is released. 
Deleted: <sp>
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Chapter 3.  Uptake, s torage and excretion of metals. 
 
 
Membranes are important in both physiology and toxicology, as they not only serve as targets for 
toxic action but also facilitate the movement of toxic solutes into and out of cells.  It is thus 
important to know how and where organisms take up components (Gutknecht, 1981).  Membranes 
maintain general cell homeostasis, responds to drugs, poisons and extra-cellular messengers such as 
hormones (Foulkes, 1993).  Other functions include acting as a physical barrier that maintain cell 
integrity and providing functions necessary for cell survival such as the exclusion of harmful 
substances, acquisition of nutrients and energy sources, disposal of unusable and toxic materials and 
reproduction, locomotion and interacting with components in the environment (Zubay, 1988).  It is 
due to the relative impermeability of membranes that the uptake of xenobiotics is minimised and the 
loss of important metabolites and cell constituents avoided (Foulkes, 1993).  Furthermore, 
membranes function in the sequestering of toxic entities or enzymes within cells or within 
subcellular organelles like peroxisomes or lysosomes.  
A study of toxicokinetics includes the absorption of a toxic agent (e.g. metals) into the body, its 
distribution and biological half-life in the body, its accumulation at its site of action, cellular uptake 
and extrusion.  It also includes the excretion of the toxic agent from the body (Foulkes, 1998).  It is 
also important to know that the sensitivity of an organ to a toxicant is influenced by the ease by 
which it penetrates the tissues’ cells or membranes and by its residence time (that is a function of 
metabolism and cellular export) in a toxic form in the tissue. 
Due to the adverse effects metals has on toxicological and physiological processes it is very 
important that the biological transport of these metals be studied (Gutknecht, 1981).  To understand 
the processes involved in the transport it is important to know the form of membranes, how they 
function and the uptake routes of metals.  As some of the research questions in this study focus on 
the storage sites of metals and the interactions of the metals in different tissue types this chapter 
aims to provide the background information that will be needed to understand the processes behind 
the absorption and storage of metals. 
 
1.  Membrane structure. 
Membranes (Fig. 3.1) consist of specific peptides of phospholipids, proteins and carbohydrates and 
are usually between 4 to 10 nm thick (Foulkes, 1998, Zubay, 1988, Simkiss and Taylor, 1995). 
Membrane lipids (see Section 1.1) are amphipathic (i.e. they contain both hydrophobic and 
hydrophilic regions) and provide the structural integrity of the membrane.  They are usually 
arranged as a bilayer that forms a matrix to which other molecules can attach (Hickman, Roberts 
 50 
and Larson, 1993, Simkiss and Taylor, 1989, Zubay, 1988).  Specific functions of membranes such 
as transport and enzymatic activities are dependent on the membrane-associated proteins (see 
Section 1.2). The carbohydrates are covalently associated with the proteins or the lipids to create a 
lipid protein matrix.  
In addition to the specific molecules anchored in the membrane there are mucins or non -specific 
molecules that are associated with the outer surface of the cell membrane (Foulkes, 1998).  Mucins 
coat the outer surface of many cells and are composed of glycosaminoglycans and they protect the 
membrane against noxious extra-cellular agents. 
Figure 3.1.  A schematic representation of the composition of cell membranes (adapted from 
Hickman et al., 1993). 
 
1.1.  Lipids. 
Lipids make up about 25 –  80% of the membrane’s weight and are arranged to form a bilayer with 
their hydrophobic regions forming the centre of the layer and the hydrophilic regions orientated to 
the free surface of the membrane (Simkiss and Taylor, 1989).  The lipid bilayer acts as a 
permeability barrier (and determines the membrane structure) for hydrophilic solutes resulting in 
the absorption of only recognised water-soluble molecules (Simkiss and Taylor, 1995, Zubay, 
1988). As a result the rate at which a molecule enters the cell is depended on the partitioning 
between the lipid and aqueous phases (Simkiss and Taylor, 1989).  The bilayer is a liquid, giving 
the membrane flexibility and allowing for sideways diffusion of the phospholipids within their own 
monolayer.   
The most common lipid type present is phospholipids and includes the phosphoglycerides 
(derivatives of glycerol) and the sphingolipids (derivatives of aminoethanol) (Simkiss and Taylor, 
1995).  Phospholipids have a hydrophilic and a hydrophobic end (Hickman et al., 1993).  In 
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membranes the hydrophobic ends, consisting of fatty acid chains and a compact polar head, are 
pointed towards each other while the hydrophilic ends point to the aqueous phases on the in- or 
outside of the cell.  The phospholipids also contain ionizable groups that result in some areas of the 
membrane having a net negative charge, which is important on the cytoplasm surface of the cell 
membrane as it will attract cations and repel anions (Simkiss and Taylor, 1995).  See Section 2.6 for 
the absorption of specific metals.   
1.2.  Proteins. 
Proteins only function efficiently in a hydrophobic environment (provided by their interactions with 
the non-polar portions of the membrane lipids in the bilayer’s interior) and is responsible for the 
function of the membrane (Simkiss and Taylor, 1995).  The degree to which a protein interacts with 
a lipid is dependent on its amino structure and to a degree on its primary and secondary structure.  
The permeability of a membrane is attributed to the presence of the proteins that have a varying 
ratio dependent on the organism (Simkiss and Taylor, 1995). Due to the anionic groups of proteins, 
sialic acid, sulphonic groups (from complex carbohydrates and glycoproteins) and the phosphate 
groups of phospholipids the cell membrane usually has a negative charge (Foulkes, 1993).   
When classified according to their position in the membrane there are two types of proteins: 
peripheral and integral proteins (Zubay, 1988).  Peripheral (extrinsic) proteins are bound to the 
membrane by reacting with the hydrophilic portions of integral proteins.  A well-known example is 
the transferrin receptor (see Section 2.5.2.2.i) that plays a role in the transfer of the essential 
element iron (Simkiss and Taylor, 1995).  Integral proteins are deeply embedded in the membrane 
and they contain a high proportion of hydrophobic residues that provide an interface with the lipid 
phase and the opportunity to form water-filled channels through which ions may permeate (Simkiss 
and Taylor, 1995, Zubay, 1988).  There are two types of integral (or glycoproteins) proteins based 
on their shape in the hydrocarbon region of the membrane (Foulkes, 1993, Hickman et al., 1993, 
Zubay, 1988).  The first type of integral proteins may have an amino terminal region or a carboxyl 
group on the extra-cellular part of the cell membrane and like the phospholipids they can migrate 
laterally in the membrane1 (Simkiss and Taylor, 1995).  An example of a protein with a hydrophilic 
carbonate portion on the extra-cellular part of the protein is glycophorin (Foulkes, 1993).  These 
integral proteins have a large proportion of their mass extending beyond the hydrophobic interior of 
the membrane into the aqueous solution that act as specific receptors for various molecules or as 
highly specific markings. If some of these proteins, which include a variety of enzymes, catalyse 
extra-cellular reactions they are called ecto-enzymes (Foulkes, 1998).  The second protein type 
(globular transmembrane proteins) are specialised proteins, associated with the membrane, and are 
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essential in the transport of substances such as negatively charged ions, an example is the anion 
transport protein (Hickman et al., 1993).   
Not only do these transmembrane proteins act as channels and transporters; they also have an 
anchoring function and play a role in transmembrane signalling (Foulkes, 1993).  Protoglycans 
(integrins) are primary membrane receptors needed for interacting with the extra-cellular matrix.  
Annexins are involved in calcium dependent cell regulation by modification of membrane 
functions. Another class of specific proteins is the solute channels that also determine the 
permeability of the membrane to many lipid insoluble substan ces (Foulkes, 1993).  They are 
specific for certain solutes and are under homeostatic control, an example is the calcium channels 
that may also mediate cadmium uptake. 
 
2.  Uptake of metals. 
2.1.  Transport kinetics. 
Kinetically the transport of metals can be divided into passive diffusion (passive transport systems) 
or facilitated diffusion (active transport systems) (Coombs, 1979). 
2.1.1.  Passive transport systems. 
There are two passive transport mechanisms (Gangolli and Phillips, 1993). Diffusion (see Section 
2.2.1) applies to small, hydrophilic, non-ionic compounds that are capable of penetrating through 
water-filled pores (4 Å radius) on the membrane surface across a concentration gradient.  Examples 
are gasses (NO2, CO2) in the lung and the nerve gas (Sarin gas) in the skin and urea in the gastro -
intestinal tract.  Passive diffusion also occurs when metals are taken up from solution (Bryan, 1976 
as cited in Coombs, 1979). 
The second mechanism relates to the ability of the compound to diffuse through the aqueous and the 
lipid components of the membrane (Coombs, 1979).  The compound lipophilicity (influenced by its 
degree of ionization in solution) will determine the facility with which it will be absorbed.  The 
lipophilicity and the absorption of strongly ionised compounds can be increased by interaction with 
counter-ions.  Examples of ion-pair formation compounds are sulphonic acids and quaternary 
ammonium compounds. 
Absorption of compounds through the skin and lungs is mainly by passive diffusion mechanisms 
(trans-epidermal diffusion) (Gangolli and Philips, 1993).  Passive transport systems are also 
employed in the gastro-intestinal tract but for cations absorption is mediated by specialised carrier 
mediated transport systems. 
                                                                                                                                                                  
1 Fluid mosaic model: a hypothetical model of the structure of the cell membrane where a variety of proteins are embedded in a 
phospho-bilipid layer, in which they can move about.  
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2.1.2.  Active transport systems. 
In active transport compounds are moved across the membrane against a concentration gradient by 
energy dependent enzymic reactions, examples are sugars, amino acids and nucleic acids (Gangolli 
and Phillips, 1993, Klaassen, 1986).  The process involv es the interaction of the compound with 
specific cell surface receptors and the expenditure of energy (ATP) that is governed by the kinetics 
of the enzymic reactions.  Active transport are limited by the availability of substrate receptor cites 
and energy sources like ATP.  Competitive substrates and metabolic inhibitors can inhibit the 
process.  Active transport can also be divided into primary active transport, secondary primary 
transport and group translocation (Zubay, 1988). 
In primary active transport energy is provided by the hydrolysis of ATP, while in secondary active 
transport systems an ion gradient, created by the active transport systems, drive the concentrative 
uptake of other ions or metabolites (Zubay, 1988).  In a group translocation, the transported solutes 
are chemically modified to enable transport. 
2.2.  Mechanisms of transport across the cell membrane. 
Membranes determine the fluxes into and out of cells on the basis of the passive permeability 
properties of solutes and the presence of facilitated diffusion or active transport mechanisms 
(Foulkes, 1993).  In, 1979, Coombs (1979) described four possible transport systems namely the 
pore theory, the carrier, carrier-mediated transport and endocytosis.  Today, however, only three 
systems are recognised diffusion along a concentration gradient, mediated transport systems and 
endocytosis (Hickman et al., 1993). 
2.2.1.  Diffusion. 
Whenever a concentration gradient exists between the inside and the outside of a cell, diffusion will 
occur until such a time that the concentration gradient is removed (Hickman et al., 1993).  Diffusion 
(see Section 2.1.1) is usually of importance for biological molecules that have a large hydrophobic 
character or in membranes that posses aqueous pores (Zubay, 1988).  Gases, (e.g. oxygen), urea, 
and lipid soluble solutes (such as ethanol) can usually diffuse through the membrane without being 
regulated (Klaassen, 1986).  Factors that will have an effect on diffusion is (a) the detachment of the 
penetrating molecule from its surrounding solvent molecules, (b) the movement of solute molecules 
within the membrane, and (c) their exit into the solvent within the cell (Simkiss and Taylor, 1989).  
The rate of diffusion of a toxic agent will depend on the concentration gradient and the lipid 
solubility as measured by the octanol/water partition coefficient (Klaassen, 1986). 
2.2.2.  Mediated transport. 
Molecules that are moved across the membrane by special proteins are called transporters or 
permeases (Hickman et al., 1993).  Permeases work by creating a small passageway that enables the 
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molecule to move through the phospho-bilipid layer, as they are very specific they recognise and 
transport only a limited group of chemical substances.  Due to the limited number of permeases per 
membrane a saturation effect can be observed when a very high concentration of the transported 
group is present.  Transport systems are usually utilised by hydrophilic molecules (Zubay, 1988). 
Mediated transport mechanisms can be divided into two types, namely facilitated diffusion and 
active transport (Hickman et al., 1993).  
2.2.2.1.  Facilitated diffusion. 
In facilitated diffusion permeases assists a molecule to diffuse through the membrane that otherwise 
would not have been able to cross (in the direction of the concentration gradient) for example 
glucose. Facilitated diffusion occurs when the uptake of the metal becomes satiable and specific 
carriers or ligand sites on the membrane are employed to facilitated uptake (Stein, 1967 as cited by 
Coombs, 1979).  An example is the absorption of cadmium in the gills of M. edulis or transport of 
calcium ions by the calcium binding protein calmodulin .  Facilitated transport is not energy 
dependent and does not work against a concentration gradient but it is inhibited by competitive 
substrates (Gangolli and Phillips, 1993, Klaassen, 1986).   
2.2.2.2.  Active transport systems. 
In active transport (see Section 2.1.2) energy is supplied in order for the molecule to be transported 
against a concentration gradient.  An example is the sodium-potassium pump that maintains the 
sodium and potassium ion gradient in nerve cell membranes. 
2.2.3.  Endocytosis and exocytosis. 
Endocytosis involves the infolding of the plasma membrane to form vesicles that contain the 
transported metals (Simkiss and Taylor, 1989).  It is induced by the stimulation of receptor 
molecules and occurs at selected membrane regions called coated pits.  The vesicles membrane, 
coated with several proteins (for example clathrin) very quickly loses their coats to fuse with other 
intracellular vesicles such as endosomes and lysosomes, both involved in the release of endocytotic 
content to the cytoplasm.  Thus endocytosis is a transport mechanism that relies on intracellular 
manipulation rather than on direct transport across the cell membrane (Simkiss and Taylor, 1989). 
Endocytosis describe three similar processes of bringing material into a cell, namely phagocytosis, 
pinocytosis and receptor mediated endocytosis (Hickman et al., 1993).  When the membrane of a 
ves icle fuses with the plasma membrane and releases its contents to the outside of the cell it is 
called exocytosis. 
Pinocytosis and phagocytosis are used to translocate inert or high molecular weight substances 
across the membrane (Gangolli and Phillips, 1993).  An example of phagocytosis is the engulfing of 
cellular debris by white blood cells (Hickman et al., 1993).  In pinocytosis, fluid that is 
discontinuously sucked through the tubular channels are engulfed into small vesicles, thus it is non -
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specific.  Pinocytosis has also been identified in the livers and kidneys of mammals for cadmium, 
lead, copper and zinc (Fowler, Carmichael, Squibb and Engel, 1981). 
Receptor mediated endocytosis is very specific as the proteins on the membrane bind specific 
molecules (ligands) that may be present at very low concentrations (Hickman et al., 1993).  If an 
area of the membrane containing the receptors and bound ligands invaginate the resulting vesicle 
will contain the ligands.  After the receptor and ligands have dissociated the receptor and membrane 
are recycled back to the surface of the membrane while the ligands stay inside the cell.  
The soluble or particular form of the metal is engulfed by an epithelial cell membrane that pinches 
off to form a membrane that bound a vesicle inside the cell (Coombs, 1979).  The content of the 
vesicle is then released directly into the cytoplasm, stored and transported to the basal side of the 
cell for release into the circulating fluid by exocytosis (Coombs and George, 1978). 
2.3.  Transport proteins. 
Paulsen and Saier (1997) describe three protein families important in the catalyses of heavy metal 
transport (see Table 3.1).  Family One (P-type ATPases) specifically catalyses either the uptake or 
extrusion of Cd 2+ or Cu2+ as well as other mono- and divalent ions (Na+, Ca2+).  Family Two is the 
ABC-type transporters and transport Ni2, Mn2+ and Fe2+ some of these proteins are related to 
transporters that are specific for sugars and peptides.  The third family (RND transporters) includes 
proteins that extrude Co 2+, Cd2+ and Zn2+.  Family One and Two are found in all living organisms 
while Family Three have so far only been found in bacteria (Paulsen and Saier, 1997).  Other 
transport proteins that have been identified are bacterial transporters that are specific for chromium, 
copper and mercury but they have not been assigned to one of the families.  A fourth family of 
heavy metal ion transporters the Cation Diffusion Facilitator (CDF) family has been described by 
Nies and Silver, 1995 (cited in Paulsen and Saier, 1997).  In contrast to the first three families, 
Family Four is specifically concerned with the transport of heavy metal ions only and have been 
identified in bacteria and eukaryotes. 
Table 3.1.  Metal ion transport family proteins as identified by Paulsen and Saier (1997). 
Family  Where? Characteristics 
P-type ATPase All major classes of living organisms  
Catalyse uptake or extrusion of Cd2+, Cu 2+, 
H+, K+, Na+, Mg2+ and Ca2+. 
ABC-type transporters  All major classes of living organis ms 
Transport Ni2+, Mn 2+, Fe2+ and Mo 2+.  Some 
are closely related to transporters specific 
for sugars and peptides. 
RND transporters Bacteria Extrude Ni2+, Co2+, Cd2+ and Zn2+.   
CDF (cation diffusion 
facilitator) proteins Bacteria and Eukaryotes  Heavy metal ion transport. 
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2.4.  Factors affecting metal accumulation in living organisms. 
The uptake of metals by living systems is due to an interaction between the speciation of the metal 
and the physiology of the organisms, while cellular uptake involve both chemical and regional 
selectivity (Simkiss and Taylor, 1989). 
2.4.1.  Metal species in water. 
As metals are present in one or all of the three phases (dissolved, particulate and sediment) that are 
in equilibrium with each other, the rates of transfer of the metal will vary according to the particular 
local conditions.  This issue is further complicated by the inorganic and organic components in the 
soluble and particulate phases that supply binding sites for the metals (see Chapter 2 for specific 
metal geochemistry and factors affecting metal speciation).  An example is water-soluble chelating 
agents that decrease copper toxicity while lipid soluble chelating agents increase copper toxicity 
(Simkiss and Taylor, 1989). 
2.4.2.  Competition with other metals. 
Antagonistic and synergistic effects are important when combinations of different metals are 
present (Coombs, 1979).  See Table 3.2 for examples of these effects. 
The heavy metals (e.g. Cd2+ and Hg2+) also inhibit the cellular transport of essential ions like Na+ 
and Ca2+ by interacting with the functional sulphydryl groups of the membrane bound Na+, K+ and 
Ca+, Mg2+-ATPases (Webb, 1979). 
Table 3.2.  Specific examples of the synergistic and antagonistic effects of metals (Bremner, 
1979, Coombs, 1979, Ray, 1984).  
Metal Metal/substance added to see effect Affect Animal 
Zn <0.1 ppm Cd No effect Mytilus galloprovincialis 
Cd Ca, Fe, Zn, Cu, Hg No effect M. edulis 
Cd Zn Decrease Cd uptake M. edulis  and  Mulitia lateralis 
Zn Cd, Cu, Mn Decrease Zn uptake Seaweed: Laminaria 
Cu, Zn Hg Decrease uptake American oyster: Crassostrea 
virginica 
Fe Cd Reduce Fe absorption in 
intestine 
Humans 
Cu, Zn Cd Decrease absorption of 
Cu and Zn 
Humans 
Cd Vitamin D Decrease Cd absorption Chickens 
Cd Ascorbic acid Decrease Cd absorption Japanese quail 
Hg2+ La3+ INCREASE MERCURY 
ABSORPTION 
Rat perfuse lumen 
Lead Iron 
Increasing lead uptake 
after hyper-absorption of 
iron due to deficiency 
Intestine rat 
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2.4.3.  Mucous. 
Associated with the gill function in fish and as a defence barrier on the skin is the mucous that is 
ultimately responsible for trapping and binding metal ions to ligands (Korringer, 1952 and 
Pentreath, 1973 as cited by Coombs, 1979).  In the plaice, metal ions have an order of binding 
strengths to the mucous: Cu > Zn > Hg > Cd.  This is due to the mucus of the epithelial cells 
consisting of glycoproteins (Coombs, Fletcher and White, 1972).  As the metals bind to the mucus 
the properties of the mucus is changed.  This may result in an impaired respiratory exchange as well 
as other sub lethal effects.  
Intestinal mucus may also affect metal absorbency by binding metal ions and making them 
available for absorption.  Mucus may also facilitate the transport of metal ions to the absorbing site 
of the microvilli (Quaterman, 1985).  The result is that metal absorption increases when there is an 
abundance of mucus or the glycocalyx (mucosal surface) increase.  
After uptake by erythrocytes heavy metal may become trapped and remain in the mucosa for the 
entire lifespan of the cell.  Desquamation of the cells would result in their loss.  This mechanism 
would also protect the body against excess metal concentration. 
2.4.4.  Nutritional state of the organism. 
A poor quality diet may contribute to the development of diseases like Itai-Itai (a result of exposure 
to very high Cd concentrations) especially if it lacks protein and calcium (Friberg et al., 1974 as 
cited by Coombs, 1979).  Iron, copper, zinc, selenium and vitamins also influence the absorption of 
cadmium (Bremner, 1979).  See Table 3.2 for more information of the competition effects with 
other metals and compounds. 
2.4.5.  The age of the organism. 
Metabolism studies have shown that young animals are able to absorb higher proportions of metal 
present in their diet than older animals (Bremner, 1979).  For example two -hour-old rats absorb 
12% of the cadmium while weaned rats absorb only 0.5% of the exposed cadmium dosage.  
Younger animals also retain cadmium for a longer period in their bodies than older animals (Sasser 
and Jarboe, 1977 as cited by Bremner, 1979). 
2.4.6.  The sex of the organism. 
The fact that sex plays a role in metal poisoning is best illustrated by Itai-Itai disease that occurs 
almost exclusively in women exposed to toxic levels of cadmium (Bremner, 1979).  In rats the 
males are more susceptible to chronic toxicity than the females but less susceptible to acute toxicity 
(Cembel and Webb, 1976 as cited by Bremner, 1979).  This indicates that hormones influence 
cadmium metabolism.  
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2.5.  Factors affecting cellular uptake of metals. 
The first step in any metabolic pathway is the transport of a metal across the membrane (cellular or 
organelle) of an epithelial tissue for example gills, mantle and intestine (Coombs, 1979).  This 
process is influenced by the species of the metal presented to the membrane (availability), 
competition with other metals for a common pathway, and the mechanisms of crossing the barrier 
e.g. passive or assisted diffusion, activate transport and endocytosis.  The transport of metals across 
the cell membrane is controlled by negative feedback loops that depend on appropriate permeability 
changes of the membrane (Foulkes, 1998). 
2.5.1.  The routes of absorption of metals into a cell. 
There are nine possible routes for metals to enter a cell (Simkiss and Taylor, 1995).  These routes 
are by: (a) forming hydrophobic solution in the membrane, (b) attachment to the membrane proteins 
(and carbohydrates), (c) attaching to the membrane lipids, (d) endocytosis of membrane 
components (e) permeation through water channels, (f) non-specific channels (g) specific channels, 
(h) permeation by general processes (e.g. electrochemical potentials) and (i) specific active 
processes (e.g. ATPases). All of which are discussed in different sections throughout the chapter. 
2.5.2.  The permeant forms of the metals. 
The form in which the metal is present in the water or the food, as well as its absorption route will 
determine if it will permeate the membrane.  Five forms are involved in permeation in varying 
degrees (Simkis s and Taylor, 1995). These forms are: (a) metal ions (M 2+), (b) hydrated ions 
(M(H2O)62+), (c) charged metal complexes (MCl(H2O)5+), (d) uncharged inorganic complexes 
(MCl20) and (e) organometallic complexes (CH3Mn+). 
2.5.3.  Complex interactions. 
In this section the interactions between different routs of absorption and different permeate forms 
will be discussed under four heading: (a) membrane fluidity, (b) metal composition, (c) pH effects 
and (d) temperature.  
2.5.3.1.  Membrane fluidity. 
The uptake of heavy metals in the intestinal mucosa is influenced by the fluidity of the membrane.  
As the intrinsic metal permeability of the membrane decreases with maturation, the fluidity of the 
intestinal brush border membrane decreases (Foulkes, 1993). 
Membrane flu idity is determined by the type, arrangement and interactions of the lipids that 
compromise the membrane and is affected by temperature (Simkiss and Taylor, 1995).  A decrease 
in temperature induces modification of the acyl chain composition, alterations in phospholipid 
components and modulation of the phospholipid cholesterol ratio, all three important in maintaining 
membrane fluidity. 
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Membrane proteins are also affected by the membrane’s fluidity, thus any dietary or temperature 
changes that influence membrane fluidity would influence the transport of metals across the cell 
membrane (Simkiss and Taylor, 1995).  The effect that a decrease in membrane fluidity has on 
permeability is best illustrated in carrier molecules that stops the carrier moving as the membrane 
solidifies (this is used to distinguish between carriers and channel systems).  It is also important to 
note that cholesterol decreases the permeability of bilayers (Bienvenue, Boudou, Desmazes, 
Gavach, Georgescauld, Sandeaux and Seta, 1984). 
2.5.3.2.  Metal composition. 
All channels are permeable to several ion species although they do prefer one ion to another 
(Simkiss and Taylor, 1995).  This selectivity is due to the channel’s dimensions (sieve effect) and 
the interactions with the channel wall (selectivity filter).  Specific competition between metals may 
also occur (See section 2.4.2). 
2.5.3.3.  pH effects. 
Changes in the environment’s pH influence metal uptake by affecting metal speciation directly or 
by affecting the biological surface (Simkiss and Taylor, 1995).  By increasing and decreasing the 
pH, basic and acidic groups will titrate within the ion transporting systems.  Resulting effects may 
be indirect (for example changing the charge of the carbonate ion that is involved in transferring 
functions) or direct  (when an increase in protons results in competition by ions for ion binding sites 
on membranes or channel proteins). A change in pH may also result in a change of the electrical 
charge of the polar heads of the membrane lipids and thus in the bilayer structure (Bienvenue et al., 
1984).  An example of this is decreased mercury absorption by an increase in pH.   
2.5.3.4.  Temperature. 
Temperature may also affect metal binding with cellular constituents as affinity of macromolecules 
for metals may be temperature dependent (Somero, Chow, Yancey and Snyder, 1977).  
Temperature would also affect membrane fluidity; at low temperatures the membrane becomes 
more ridged, reducing membrane fluidity (see Section 2.5.3.1).  Low temperatures also result in a 
decrease in blood flow through the respiratory surfaces, resulting in a reduced metabolic rate due to 
less oxygen needed, the higher concentration of oxygen in colder water would also reduce gill 
circulation (Somero et al., 1977). 
2.5.4.  Cellular regulations.  
Regulation of membrane metal systems may be dependent on the metal status of the cell 
(transferrin) or be under hormonal control (Na+/K+ pumps) (Simkiss and Taylor, 1995).  Some 
elements may even permeate the cell membrane by non-specific transfer mechanisms where the 
removals of the ionic form of the metals by intracellular complexion agents maintain the influx.   
An example is the induction of metallothionein by copper, zinc or cadmium (see Chapter 2), where 
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the metal ion uptake is driven by the regulation of the intracellular ion activity.  Fig. 3.2 illustrates 
the regulation of cellular metal levels by metallothionein synthesis.  Some metals taken into the cell 
cytoplasm may bind to metallothioneins or other metal binding proteins that may be sequ estered 
into lysosomes for excretion (Bayne, 1989).  
 
Figure 3.2.  Diagrammatic representation of the regulation of cellular metal levels by the 
induction of metallothioneins (Bayne, 1989). 
 
2.6.  Specific examples of metal absorption. 
The specific absorption of metals will be discussed according to their locality in the periodic table, 
biologically essential metals, lipid soluble metals, or biologically toxic metals.  Biological 
important elements in Group IA on the periodic table (such as H+, Na+ and K+) as well as those of 
Group IIA (such as Mg 2+ and Ca2+) cross cell membrane by using specific carriers and channels 
(Simkiss and Taylor, 1995).  Fe3+ absorption from serum into cells is regulated by transferrin.  
When it comes to trace element transfer the evidence for specific mechanisms is usually 
circumstantial, especially in pollution and toxicology studies as bioaccumulation or lethal 
concentration effects are the only proof that absorption occur. 
2.6.1.  Group IA and Group IIA cations. 
The alkali or alkaline metals (Group IA and IIA) usually exist as hydrated ions in solution and their 
absorption forms the basis of the biological theories of transport (Simkiss and Taylor, 1989).  For 
these metals the permeation rate through a membrane is dependent on their partitioning between the 
lipid and the aqueous phases and permeability of the membrane increase with an increase in 
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oil/water partition.  This group of metals may also be absorbed into the cell through channels of 
which the diameter are very important as it could hinder transport by steric obstruction at the entry 
site (Simkiss and Taylor, 1989).  Transport through the channels may occur passively; by diffusion; 
or actively by inducing conformational changes fuelled by metabolically supplied energy.  There 
are several channels involved in the transport of Group IA and Group IIA cations such as the 
sodium channel and the calcium channel (Simkiss and Taylor, 1989).  In this section only the Ca2+ 
channel will be discussed as it affects the absorption of the metals studied in this report. 
Related to the sodium channel, this channel transfers about 106 ions per second across living cell 
membranes and is about three times the diameter of the Ca2+ ion and approximately the same size as 
Ca2+ attached to a water molecule (Simkiss and Taylor, 1995).  Two or more high affinity sites 
determine the selectivity of the channel, while the high transfer rate is maintained by the repulsion 
between cation pairs.  As the channel may be occupied by more than one ion there are interactions 
between ions in the pore that may result in blocking of the channel (for example by Cd 2+, Co2+ and 
Mg2+).  Some ions, such as Mn2+ have no effect and pass effectively. 
2.6.2.  Uptake of the essential trace metals forming part of the study.  
2.6.2.1.  Manganese. 
Two systems for manganese (Mn2+) uptake into cells have been reported (Simkiss and Taylor, 
1995).  In the marine polychaete, Syllis spongiphila, Mn2+ pass through the calcium channels of the 
myoepithelial cells of the proventriculus.  This was accomplished by Mn2+ substituting for Ca2+ in 
the generation of action potentials; the generation of these action potentials is blocked by Co2+. 
In isolated rat hepatocytes, a specific high affinity mechanism for Mn 2+ was observed (Simkiss and 
Taylor, 1995).  This mechanism is slightly inhibited by Co2+, while Ca2+, Mg2+ and Fe2+ had no 
effect, as they did not compete for the transporters. 
2.6.2.2.   Iron. 
Iron hydroxide and ferritin absorption by the mussel Mytilus edulis occur in the gills by pinocytosis, 
while Sunda (1988/1989) cited by Simkiss and Taylor (1995) proposed the use of specific receptor 
sites (e.g. ATPase) by marine phytoplankton.  
In mammals the brush border of the mucosal epithelial cells in the gastrointestinal tract absorbs iron 
as haem iron and soluble salts (e.g. citrate and ascorbate)  (Simkiss and Taylor, 1995).  After which 
it may be transported across the cell and released to transferrin that is present at the other side of the 
cell. 
i.  Transferrin. 
This glycoprotein has a relative molar mass of about 80 000 Da and contains two high affinity-
binding sites (Simkiss and Taylor, 1995).  Plasma transferrin transports iron from the alimentary 
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tract to the tissues of the body and is associated with carbonate.  In the absence of carbonate the iron 
transport system is inhibited as the anion acts as a bridging ligand between the protein and the iron. 
If no iron is present, transferrin may also bind to aluminium, chromium, cobalt, copper, manganese, 
vanadium, plutonium or europium. 
The transferrin receptor located on the membrane (see Fig. 3.3), has a relative molar mass of about 
180 000 Da (Simkiss and Taylor, 1995).  It has two hydrophilic ends extending into the 
extracellular fluid and a hydrophobic region embedded in the membrane (typical of peripheral 
proteins), but it also has a tail extending through the membrane, existing with a hydrophilic region 
with a phosphate-bound serine group. 
After the transferrin molecule has bound to the receptor clathrin -coated pits (see Section 2.2.3) the 
iron groups are internalised. 
Figure 3.3.  The transferrin molecule, its receptor on the membrane and its components 
(adapted from Simkiss and Taylor, 1995, Voet and Voet, 1990). 
 
2.6.2.3.  Copper. 
In mammals, copper absorption occurs in the stomach wh ere the acidic environment may enhance 
copper solubility and promote uptake across the gastric mucosa (Simkiss and Taylor, 1995). It may 
also occur in the small intestine through the brush border membrane.  The copper that is absorbed is 
usually from amino acid complexes with very little coming from copper sulphate (CuSO4).  Copper 
uptake into isolated hepatocytes occurs by a specific membrane protein in a passive transport 
system determined by the chemical gradient.  There is also a possibility that copper may share a 
common transport site with zinc that inhibits copper absorption.  Co2+ and Cd2+ also inhibit the 
transport, while Ni2+ do not, indicating some degree of specificity (Simkiss and Taylor, 1989). 
The uptake and excretion of copper sulphate is a passive process depending on the intra and extra 
cellular concentration gradients.  It is however facilitated by histidine, which forms a strong bond 
with the metal increasing the rate of uptake by readily delivering the copper transporting molecule 
on the membrane surface (Simkiss and Taylor, 1989). 
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2.6.2.4.  Zinc. 
Zinc uptake in mammals occurs in the small intestine with no evidence suggesting stomach uptake 
(Simkiss and Taylor, 1995).  Cd2+ and Mn2+ inhibit absorption of zinc while Co 2+, Cu2+ and Ni2+ 
hav e no effect.  The inhibitory effect of ethylmaleimide and iodacetimide suggest the involvement 
of -SH binding groups in the absorption process.  As this transport method is satiable it indicates the 
presence of a transporter molecule (Simkiss and Taylor, 1989). 
In the puffer fish, zinc uptake by liver slices involves first order kinetics and is not inhibited by 
metabolic poisons indicating a passive absorption (Simkiss and Taylor, 1989).   
Though studies indicate that the absorption process is an energy ind ependent facilitated process the 
transport of zinc across membranes remain poorly understood. 
Livers, gills and kidneys do accumulate a significant amount of zinc but the greatest 
bioconcentration localities in fish are the skin and the bones (Heath, 1987) 
2.6.3.  The absorption of lipid soluble metals (lead and mercury). 
Organometallic compounds of metals such as lead and mercury are lipid soluble and penetrate the 
membrane by direct interaction (Simkiss and Taylor, 1995).  This type of permeation is greatly 
influenced (a) by the presence of unstirred layers over membrane surfaces and (b) metal speciation 
that influence membrane permeability. 
2.6.4.  The absorption of toxic metals. 
2.6.4.1.  Cadmium. 
In the gills of M. edulis absorption of cadmium occur by passive diffusion as there is (a) no 
evidence of saturation kinetics and (b) a direct relationship between external and internal Cd2+ 
concentrations (Ray, 1984, Simkiss and Taylor, 1995).  As a result the cadmium concentration in 
the gills keeps on increasing.  The same is true for the epithelial cells of the rainbow trout 
(Oncorhynchus mykiss) where cadmium is mainly absorbed as free Cd2+ and its absorption is 
inhibited by calcium and magnesium (Block and Pärt, 1992). 
The spot (Leiostomus xanthunus), a marine fish species, showed no accumulation of cadmium in 
skeletal muscle, but concentrated cadmium in the liver, and in decreasing concentration order the 
gut, kidney and gills.  The relatively high cadmium concentration in the gut is indicative of the large 
volumes of water that the fish drink to replace the water that is lost through osmosis (Heath, 1987).   
In the gills of freshwater fish cadmium may influence the Ca2+ influx route at three sites (Verbost, 
Van Rooij, Flik, Lock and Wendelaar Bonga, 1989); (a) at the apical membrane where Ca2+enters 
via Ca2+ channels, (b) the intracellular Ca2+ buffering system and (c) the basolateral membrane 
where Ca2+ is absorbed by a high affinity Ca2+ pump. 
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Although very little is known about the absorption of cadmium in mammals, it has been reported to 
be absorbed through the lungs with poor absorption by the gastrointestinal tract (Fleischer, 
Sarofilm, Fassett, Hammond, Shacklette, Nisbet and Epstein, 1974).  According to Simkiss and 
Taylor (1995) cadmium does not cross the intestinal barrier and only 1 to 5% is absorbed from food, 
the absorbed cadmium does not cross the serosal membrane and thus it is lost during desquamation.  
Unfortunately this does not help, as cadmium is very toxic due to its long biological half-life.   
Cadmium may also be accumulated in electron -dense membrane limited granules or vesicles which 
also plays a role in its excretion (Ray, 1984). 
Cadmium absorption is affected by age, sex, lactation and diet composition while Ca2+, Zn2+ and 
La3+ depress Cd2+ absorption by altering the ability of Cd2+ to bind to the brush border membrane 
(Fleischer et al., 1974).  Even smoking cigarettes contributes to the body’s cadmium burden 
(Fleischer et al., 1974). 
2.6.4.2.  Lead. 
Both of the oxidation states of lead (Pb2+ from salts and Pb 4+ from tetraethyl lead) are very toxic 
(Simkiss and Taylor, 1995).  Absorption of lead is believed to follow the calcium pathway (due to 
its ionic radii of 0.099 and 0.23nm and the fact that it seems to follow calcium’s biomineral ways).  
It may also mimic zinc and substitute zinc in the enzyme d-aminolevulinic acid dehydratase. 
For the insoluble lead salts the favoured transport mechanism across the membrane is by 
endocytosis and to date various vesicles containing lead, zinc and cadmium have been identified in 
invertebrates (Simkiss and Taylor, 1995).  As secondary lysosomes accumulate metals by the 
recycling of lysosomes the correlation with endocytosis may be deceptive. 
A study by Somero et al. (1977) indicated that lead form complexes with mucus and that it is lost as 
the mucus layer is sloughed off.  All the tissue types with mucus e.g. gills, intestine and skin are 
characterised by a high lead uptake.  Lead accumulation is also dependent on ambient temperature; 
the higher the environmental temperature, the greater the accumulation rate.   
Lead forms strong bonds with proteins and enzymes by binding to carboxyl and sulphydryl groups; 
phosphoryl groups, while oxygen and nitrogen containing ligands also binds with lead (Demayo, 
Taylor, Taylor and Hodson, 1980).  The organometallic compounds of lead are also lipid soluble 
(see Section 2.6.3) and pass through the membrane very easily (Heath, 1987). 
2.6.5.Anionic metals. 
Metals that occur naturally in an anionic form include molybdenum as molybdate (MoO42-) and 
chromium as chromate (CrO42-) as well as arsenic.  Most of the work done on the study of anionic 
channels has focussed on Cl - channels and the HCO3- transport in erythrocytes (Simkiss and Taylor, 
1995). 
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Though Cl- channels are permeable to many anions, it does not transport big molecules like 
phosphates and sulphates but allow esters to pass through (Simkiss and Taylor, 1995).  Cations may 
also pass through an anion channel with a negatively charged site.  This is accomplished by the 
generation of a low field strength dipole after which permeant anions are attracted and pumping 
occur across a chemical gradient. 
The transport of Cr6+ (as dichromate or chromate anions) is mediated by dicarboxylate and 
phosphate transporters (Simkiss and Taylor, 1995) and exceeds the transport of Cr3+, the less toxic 
species. 
 
3.  The effect of metals on membranes. 
Non-specific lesions caused by metals, results in the membrane integrity and membrane structure 
being compromised (Foulkes, 1998).  A high concentration of cationic heavy metals bound to the 
membrane may result in the charge distribution of the membrane changing.  This could negatively 
affect the transmembrane potential of the membrane and the electrochemical gradient of the 
membrane, changing the activity of the voltage sensitive channels and ion fluxes that are important 
in the mediation of calcium, potassium and other ions.  Neutralisation of the anionic charges also 
depresses the cells' ability to rake up cationic cells (Foulkes, 1998).  
Metals may also act as broad inhibitors of membrane function by reacting with proteins (Foulkes, 
1998).  Lead alters the properties of erythrocyte membranes by lipid peroxidation, while mercury 
reacts with sulphydryl groups essential for glucose absorption and weakens the anchoring of Na-, 
K-ATPase in the membrane. 
The widespread effects of metals on membranes reflect their high and non -specific affinity for 
proteins.  Though metals react directly with their membrane their toxic reaction is not always 
specific and they may have an indirect effect on membrane function.  An example is the time delay 
after cadmium exposure for a toxic reaction to occur.  This might be due to the fact that the 
cadmium target site is embedded in the membrane or that the toxic effects involve primary targets 
elsewhere in the cell (Foulkes, 1989). 
Metals may also result in peroxidative changes in membrane lipids and affect cellular metabolism 
by inhibiting mitochondrial transport function and depressing antigen binding. 
 
4.  Accumulation of metals. 
Heavy metals are lipid insoluble, and they thus have to react with membrane constituents to move 
across the membrane (Foulkes, 1998).  An example is Cd2+ and other polyvalent cations that bind to 
fixed anionic sites in the brush border.  It is important that the cations influence each others binding 
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to the membrane by affecting the membrane charge, this may have positive effects as it may result 
in the release of other negatively charged residue such as sialic acid residues.  It may alter 
electrochemical gradients and ion fluxes down the concentration gradient across the membrane 
(Foulkes, 1989).  The metals may alter the electrical charge distribution on the membrane and thus 
the transmembrane potential.  Metals may also be transported across the cell membrane as 
complexions that are readily diffused across hepatic or enteric cell membranes (Foulkes, 1993).   
Even when metals occur naturally they can be accumulated to very high levels.  An example of this 
is the accumulation of cadmium in sea skaters due to the environment that they live in (Bull et al., 
1977, Cheng et al., 1986 cited by Coombs, 1979).   
 
5.  Routes of absorption of metals. 
The route of absorption of heavy metals in fish can occur through gills, food, and skin and by the 
water that they drink (constituting approximately 0.5% of their body weight per hour) (Dallinger, 
Prosi, Segner and Back, 1987, Heath, 1987). Which route is preferred as an uptake route differs 
from species to species; for instance Raja clavata  accumulates metals from water while Salmo 
gairdneri accumulates metals in the gut. 
5.1.  The skin as a route of absorption. 
Very little information is available on the absorption of metals through the skin of animals. It is 
assumed, for example, that the skin of fish is more or less impervious to harmful substances in the 
water.  The presence of mucus on the skin of Teleost fishes may also prevent metals from entering 
the body (Dallinger et al., 1987). In mammals dermal absorption of metals is a function of the 
permeability of the cell membranes as they control the uptake and distribution of non-lipid soluble 
xenobiotics (Foulkes, 1998). 
5.2.  Absorption through the respiration surfaces. 
As the main organ of gas exchange this highly specialised and exposed part of the body  surface, the 
gills are very important in the uptake of soluble (dissolved) essential and non-essential metals from 
water by aquatic organisms (Dallinger et al., 1987).   Due to the tight character of the branchial 
epithelium the metals usually follow a transcellular route (Verbost et al., 1989).  From the gills the 
metals are distributed throughout the body and accumulate in specific organs.  The accumulation of 
metals in the gills may also result in changes in the gill morphology.  
An example of a metal that is accumulated more by the gills than in the alimentary tract is mercury. 
As the pulmonary epithelium of mammals is more solute permeable, the absorption of inhaled 
mercury may exceed the fractional absorption of a toxicant. Possible reasons for the greater 
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permeability include greater membrane fluidity and the absence of a compound competing with 
binding sites for the metal in the alveoli.  The alveolar membranes may also contain higher 
frequencies of polar pores, or intracellular diffusion is more significant in lungs than in intestines 
(Foulkes, 1998).  Metal uptake through gills is probably by simple diffusion through pores as no 
evidence has been found for active transport (Heath, 1987).  Carrier mediated transport may occur 
via the calcium carrier. 
Metal accumulation also varies between gill arches while uptake rate into gills are correlated with 
the weight specific metabolic rate (smaller fish accumulate metals more rapidly than large ones) 
(Heath, 1987). 
5.3.  Absorption by the alimentary tract. 
Particulate metal fractions that occur in food sources, suspended matter and sediment are absorbed 
in the alimentary tract (Dallinger et al., 1987).  Contaminated food is a more likely metal source 
(due to bioaccumulation) than water, particularly for fish that may prey on invertebrates that 
accumulate metals readily.  The fish that prey on the invertebrates could thus be exposed to 
relatively higher concentrations than what occur in the water (Heath, 1987). 
In laboratory experiments zinc, lead and cadmium were absorbed faster in the alimentary tract than 
in the gills; this situation may be different in the natural environment (Dallinger et al., 1987).  
Absorption of metals from food also depends on (a) if the minimum threshold level of the metal is 
exceeded in the food, (b) feeding frequency, (c) diet quality and (d) interactions with water-borne 
metals that modify food -related metal accumulation.  
Two possible mechanisms for the transfer of non-essential heavy metals across the mucosal cell 
membrane in the alimentary tract have been suggested (Foulkes, 1998). 
The first mechanism proposes that metals react with relative non -specific transport systems 
dedicated to the uptake of essential nutrients or specific metabolites (Foulkes, 1998).  This would 
result in a competitive interaction between metals e.g. cadmium and zinc or cadmium and calcium, 
although this may not always be the case.  In the rat intestine a putative divalent metal transporter 
was identified.  It is primarily involved in active, proton-coupled absorption of iron, but also reacts 
with other divalent metals such as zinc, cadmium, copper, nickel and lead. 
The second mechanism presumably involves the uptake of metals in two steps (Foulkes, 1991, 
Foulkes, 1998).  Step 1A of cellular uptake consists of the electrostatic binding of metals and other 
polyvalent cationic metals to the outer surface binding sites of the membrane and is temperature 
independent.  This binding reaction is reduced by the neutralisation of the negative membrane 
charges, thus exp laining the assumption of a satiable carrier.  Step 1B consists of the internalisation 
of the membrane bound metal.  This step is temperature dependent, which may have a reflection on 
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changes in membrane fluidity.   Step 2 of metal uptake describes the mov ement of metals from the 
cell to the blood. 
Anionic groups, sulphydral and imidazole residues on the membrane usually bind the metals. 
Lead and iron are absorbed in the distal and proximal small gut, unfortunately the method still 
remains unknown but is dependent on the animal’s age and sex (Watson, Morrison, Lyon, Bethel, 
Baldwin, Dobson and Hume, 1985).  
5.4.  Hepatic absorption. 
The liver is very important in absorption as it is involved in the metabolism of most compounds 
(Foulkes, 1998).  For example cadmium absorption in the liver is usually as the metallothionein 
complex, cadmium may also utilize calcium channels. 
 
6.  Accumulation sites of metals. 
Table 3.3 shows where certain metals are stored and accumulated in the human body as the 
accumulation site differ for metals and for different organisms, while Fig. 3.4 gives an indication of 
the fates of metals once they enter the blood stream of fish.  Though metals may accumulate in a 
specific tissue type it does not always result in a toxic effect at that site (Klaassen, 1986).  These 
accumulation sites may thus act as a protective mechanism.  Possible sites of metal accumulation in 
mammals are plasma proteins, liver and kidney, fat, bone, blood -brain barrier and placenta.  The 
following organs and tissue types  will be discussed as it has some bearing on sharks; liver and 
kidney, fat, bone and spleen.  
6.1.  Liver and kidney. 
Two of the main sites of storage for toxic agents are the liver and the kidney (Klaassen, 1986).  This 
might be due to the fact that both these organs play an important role in the detoxification and 
elimination of toxic agents.  The kidney is also rich in blood and that may increase metal 
concentration (Heath, 1987).  As the primary organ for the biotransformation of organic xenobiotics 
and the excretion of heavy metals, the liver is very important when considering the action of 
polluting chemicals (Heath, 1987).  It would appear that the liver and kidneys are the final targets 
for the deposition of metals as the concentrations seems to be independent of the route of exposure 
and absorption of metals (Dallinger et al., 1987).  
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Figure 3.4.  Schematic diagram illustrating the movement and fates of pollutants absorbed 
into the bloodstream of a fish (Heath, 1987). 
 
Table 3.3.  Storage places of metals in different organisms. (Coombs, 1979, Crespo, Flos, 
Balasch and Alonso, 1979, Heath, 1987, Somero et al., 1977). 
Metal Where Organism 
Cd, Zn  Haemoglobin, Hepatopancreas,  Crustacea, Molluscs 
Cd, Zn  Liver Plaice (Pleuronectes platessa ) 
Ca, Cd Exoskeleton  Crustacea 
Cd Kidney, Viscera, Gills Molluscs 
Cd Skin, Outer surface Echinodermata 
Cd Liver, Kidney  Fish  
Cd Skin  Young blenny  
Cd Liver, Kidney, Blood, Intestinal mucosa Mammals  
Pb  Spleen, Gills, Fins, Intestine Gillichthys mirabilis 
Zn Gill filaments, Gill arches  Dogfish (Scyliorhinus canicula) 
Cd Liver > Gut > Kidney > Gill Spot (Leicostomus xanthurus) 
Zn Skin, Bone, Liver, Gill, Kidney  Fish (species unknown) 
Pb  Bone  
6.2.  Fat. 
Fat is another important storage depot (Klaassen, 1986).  This is not surprising considering the high 
lipophilic character of many toxic agents such as DDT and methyl mercury.  Due to the high 
accumulation rate of certain lipid soluble substances in fat it may result in deleterious effect for the 
animal when the stored fat is mobilised for energy. 
6.3.  Bone and spleen. 
Another storage depot is bone as it is here that many minerals and metals as stored for later use 
(Klaassen, 1986).  Due to its large blood volume the spleen may have high concentrations of metals 
(Heath, 1987). 
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7.  Excretion of metals. 
There are several routes by which toxic substances can be excreted from the body; urinary 
excretion, biliary excretion, by the respiratory organs, and by the gastrointestinal tract (Klaassen, 
1986).  In fish excretion of metals through the skin is also important (Heath, 1987).  
7.1.  Urinary excretion. 
In urinary excretion passive glomerular filtration, passive tubular diffusion and active secretion into 
urine that is excreted from the body achieve the elimination of toxic substances (Klaassen, 1986).  
This route of excretion is unexplored in fish and as the kidneys of fresh and marine species are 
different the capability to excrete metals via urine may be different (Heath, 1987). 
7.2.  Biliary excretion via faeces. 
The liver  (the main organ for metal homeostasis) is very important in removing compounds from 
the blood (Heath, 1987, Klaassen, 1986). The liver cells then pass the toxicant directly into the bile 
that is then passed to the small intestine for excretion. In the gastrointestinal tract faeces may 
contain toxic substances obtained from various sites.  The chemical may not have been absorbed 
during oral ingestion, or it may have been excreted into bile, saliva, gastric or intestinal secretory 
fluids, or into the pancreatic secretion (Klaassen, 1986).  
Chromium, arsenic and copper are examples of metals found in the bile of fish (Heath, 1987).  
Unfortunately this does not mean that the fish will be rid of the metal as the bile is released into the 
anterior end of the intestine where it mixes with food being digested and as a result the metals may 
be accumulated or absorbed again. 
7.3.  Excretion at the respiration surfaces. 
Gaseous forms of toxicant may be excreted by diffusion in the respiratory tract.  Methyl mercury is 
an example of a metal excreted by the gills of fish (Heath, 1987).  As mucus is also present in the 
gills it may also influence the excretion of metals at this site. 
7.4.  Excretion via the skin. 
Loss of metals (lead and cadmium) via the skin in Teleosts, probably involves mucus as this 
material is constantly secreted and sloughed off (Heath, 1987).  .  
7.5.  The excretion of cadmium.  
The excretion of cadmium is very slow in most animals studied and the routes of excretion are 
different (Coombs, 1979).  In bivalves it is excreted via the kidneys while in fish excretion via gills 
is important.  The high concentration of cadmium in faeces, while organisms are fed contaminated 
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food is attributed to intestinal rejection rather than an excretory route for intestinal stores when 
hepatic cadmium concentrations reach a plateau level (Beayoun et al., 1974 cited in Coombs, 1979).  
According to Bremner (1979) urinary excretions of cadmium in mammals are small and of little 
importance in terms of decreasing the body burden of the metal  
 
In the last Chapter the membrane structure, its components and effects on metal accumulation, the 
possible rotes for the absorption of metals, the effects that metals have on the membranes and their 
storage sties have been discussed.  It is hoped tat the reader will now have a clear understanding of 
the factors that influence the absorption and storage of metals.  
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Chapter 4.  Materials and Methods. 
 
 
In this chapter the methods used to determine the concentration of different metals and the presence 
of metallothionein in the study animals will be discussed together with the sampling sites and the 
species used in the investigation. 
The baseline study studies the effect of location, species, sex and size on the metal concentration 
burden of selected tissue types.  The baseline study metal concentration data is represented in 
Chapters 5 to 9.  The tissue samples used in the baseline study were collected from frozen sharks.  
The metal tissue accumulation site data is used to det ermine which tissue type accumulated the 
highest metal concentration and which metal is accumulated to the highest concentration (Chapter 
10), it is also used to determine the metallothionein content of the liver (Chapter 11).  The tissue 
samples used in the determination of metal content were collected from fresh sharks. 
 
1.  Sampling area. 
1.1.  Baseline study. 
All samples for the baseline study were collected by the Dr. Fridtjof Nansen (Norway) during a 
research cruise in conjunction with the Marine and Coastal Management (MCM) from May 18 to 
June 14, 2000 along the Agulhas bank, the South African south coast. Fig. 4.1 illustrates the 
location of the seven sampling sites. 
Figure 4.1.  Map of the southeastern coast of South Africa indicating the seven sampling sites. 
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1.1.1.  Sampling sites. 
1.1.1.1.   St. Francis Bay. 
An extensive south facing embayment on the southern coast of South Africa (Sampling Site 1, Fig. 
4.1) St. Francis Bay is bounded by Cape St. Francis on the southwest and by Cape Recife to the 
northwest (Watling and Watling, 1982).  Both the major rivers (Gamtoos and Kromme) have open 
mouths to the sea.  In a study by Watling and Watling (1982) metal concentrations (especially 
chromium) in the Gamtoos River were attributed to the use of chemical seed dressing by the 
farmers farming the flood plains (Watling, 1983), while metals in a Kromme River tributary (the 
Geelhout’s Rivers) were thought to be of geochemical origin.  The other four rivers, namely, the 
Seekoei, Kabeljous, Van Stadens and Maitland rivers are all closed to the sea by sandbars.  The 
major town located in the bay is Jeffreys Bay and a number of holiday resorts are found in the area 
(Fig. 4.2). 
Figure 4.2.  Map indicating the rivers and their location in St. Francis Bay, sampling  Site 1. 
 
1.1.1.2.   Algoa Bay. 
Algoa Bay (Sampling Site 2, Fig. 4.1) stretches from Cape Recife to Cape Pedrone and is a very 
important impact zone as it is the ultimate disposal site of waste from Port Elizabeth, Uitenhage and 
Despatch (Fig. 4.3). Two major estuaries or rivers enter the bay, the Swartkops (domestic and 
industrial effluents) and the Sundays river (agricultural fertilisers and pesticides) (Cloete and 
Watling, 1981).  Additional pollution from the harbour and shipping activities as well as fish 
factories (Cloete and Oliff, 1976) are important sources of pollution.  There are five sites of metal 
pollution into the bay namely, Cape Recife sewage outfalls, manganese ore dumps on Kings Beach, 
the Papenkuils River, the Swartkops and the Coega Rivers.  The Papenkuils River contains urban 
effluent and run off with high levels of pollutants present.  Fish water flats (a waste processing 
plant) also utilises this river as a dumping site (Watling, 1983). 
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1.1.1.3.   Port Alfred. 
Sampling Site 3 (Fig. 4.1) is located near the small town of Port Alfred.  There are three rivers in 
this area namely the Boesmans, the Kowie and the Great Fish Rivers (Fig. 4.4). Table 4.1 
summarises the catchment area of some of the rivers.  Due to geochemical loading the Boesmans 
River has a high level of metals present (Watling, 1983), the Kowie River on the other hand was 
found in 1983, still to be unpolluted with respect to metals. 
Table 4.1.  Catchment area of some of the rivers mentioned in the text (Gardner et al., 1985). 
RIVER Catchment area (Km
2) 
Boesmans 2700 
Kowie 580 
Great Fish 30500 
Papenkuils  600 
Gamtoos 34500 
Figure 4.3.  Map indicating the position of the rivers and the three cities (Uitenhage, 
Despatch, Port Elizabeth) associated with the Mandela Bay Metropolis, sampling Site 2 
(Adapted from Gardner et al., 1985).  
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Figure 4.4.  Map illustrating Port Alfred and important rivers near sampling Site 3.   
 
1.1.1.4.  Plettenberg Bay. 
The Keurbooms, Groot and Storm River were not significantly polluted with metals in 1983 
(Watling, 1983).  The Keurbooms River did however display elevated levels of metal in the 
southwestern part of the river, most probably due to urban development and dredging (Fig. 4.5). 
Figure 4.5.  Detail of the area near sampling Site 4 illustrating the position of the major rivers. 
1. Keurbooms River, 2.  Groot River, 3.  Storms River. 
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1.1.1.5.   Mossel Bay. 
Sampling Site 5 (Fig. 4.1.) was situated at the largest urban and industrial centre between Port 
Elizabeth and Cape Town and have three important rivers entering Mossel Bay namely Hartenbos, 
Little Brak and Great Brak (Fig. 4.6) (Cloete and Watling, 1981).  In 1983 all three these rivers 
displayed signs of metal pollution (Watling, 1983), of these the Great Brak were the most important 
as it contained effluents from a tannery and shoe factories.   
As yet the southeastern Cape coast near Mossel Bay is unpolluted with metals, a possible reason for 
this is that the bay is open and that there is a strong current pattern that may sweep away waste 
materials (Watling, 1983). 
Figure 4.6.  Map detailing the area around Mossel Bay, sampling Site 3. 1. Hartenbos River, 2. 
Little Brak River, 3. Great Brak River.  
 
1.1.1.6.  Cape Infanta. 
Sampling Site 6 is located in St. Sebastian Bay (Fig. 4.1.).  The Breede River enters St. Sebastian 
Bay at Cape Infanta.  St Sebastian Bay is bounded by Cape Infanta in the west and by Cape 
Barracouta in the east (Fig. 4.7).  Cape Infanta has been referred to as the place where the Benguella 
and the Agulhas currents becomes divided on the Agulhas Bank (Shannon, 1995). 
Figure 4.7.  Detailed map of St. Sebastian Bay and Cape Infanta, sampling Site 6. 
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1.1.1.7.  Cape Agulhas. 
Due to winds blowing parallel to the shore upwelling of cold deep water is a common occurrence at 
Cape Aghulas, (Fig. 4.1, Fig. 4.8) and as a result the water near the coast is colder than the water 
further off shore (Shannon, 1995).  This upwelling also brings nutrient rich water to the surface 
needed by phytoplankton for growth.   As temperature play an important role in the speciation and 
availability of metals (Sadiq, 1992) and as decomposition of phytoplankton release metals into the 
water, this might be a very interesting area to study as sampling Site 7 is situated last, east of Cape 
Agulhas. 
 Figure 4.8.  Detailed map of the area near sampling Site 7 at Cape Agulhas.  
 
1.2.  Sample site for the metal tissue accumulation site study and metallothionein 
determination. 
Sampling for these two research questions were done by a fishing vessel associated with Eyethu 
Fisheries in Port Elizabeth, in April 2002.  Although the exact position of sample collection is not 
known, samples were collected between Port Alfred and St. Francis Bay. 
 
2.  Species used.  
2.1.  Baseline study. 
For the baseline study the following two species were used namely Mustelus mustelus and Squalus 
megalops.  See Table 4.2 and Fig 4.9 for more information on the taxonomic classification of these 
two species. Unfortunately at only one site M. mustelus was present in the catch namely at sampling 
Site 1.  One individual of Mustelus palumbes was collected at sampling Site 1 and this species’ data 
will be discussed in Chapter 6.  As both the study species (M. mustelus and S. megalops) are very 
abundant along the South African coast (See Fig. 4.10 and Fig. 4.11) and used for human 
consumption (Compagno, 1984) they may have some value as indicator species (Portman, 1972). 
Table 4.3 gives a list and details (such as sex, length, weight) of all the individuals caught and 
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utilised during the course of this investigation. It records the weight and length of the individuals 
used.  
 
Table 4.2.  Information concerning the two major species used in the baseline investigation 
(Compagno, 1984). 
 Squalus megalops Mustelus mustelus 
Common name Shortnose spurdog  Smooth hound 
Geography  Eastern Atlantic and Western Indian 
Ocean (See Fig. 4.10)  
Eastern Atlantic and South Eastern Tip 
of Africa (See Fig. 4.11) 
Habitat Outer continental shelves and upper 
slopes on or near the bottom (50 – 
732 m) 
Continental shelves and upper most 
slopes, Common in shallow water 5 – 
50 m on or near bottom 
Gestation period About 2 years, 2 – 4 young per litter 
Aplacental viviparous 
10 – 11 months, 4 – 15 per litter 
Viviparous with yolk-sac placenta 
Food  Bony fish, Cephalopods, Crustaceans 
and other elasmobranchs 
Crabs, Lobster, Hermit crabs, Shrimps. 
Cephalopods and bony fishes  
Uses Human consumption: fresh or dried 
salted and smoked 
Human consumption: fresh or frozen 
 
Figure 4.9.  Classification of shark species used in the investigation. 
Family
Squalidae
Squalus megalops
Shortnose spiny dogfish
Order
Squaliformes
Dogfish sharks
Family
Carcharhinidae
Mustelus mustelus Smoothhound
Mustelus palumbes Whitespotted smoothhound
Order
Carcharhiniformes
Ground sharks
Super order
Squalomorphea
Sharks
Subclass
Elasmobranchii
Sharks and Rays
5 - 7 pairs of gill openings
Class
Chondricthyes
Phylum
Chordata
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Figure 4.10.  Geography of M. mustelus (Smooth hound) along southern Africa. 
Figure 4.11.  Geography of S. megalops (Shortnose spurdog) along southern Africa.  
 
2.2.  Metal tissue accumulation site and Metallothionein determination. 
Only S . megalops was used in the metal tissue accumulation site and metallothionein determination 
studies as it was the most abundant species trawled (see Table 4.3.).  Unfortunately only females 
were landed and a possible reason for this is the segregation of females that occur along the 
southeastern coastline (Compagno, 1984).  Table 4.3 records the weight and length of the 
individuals used in this part of the investigation. 
 
3.  Water samples. 
Five hundred millilitre water samples were collected at five meters depth at all the sampling sites 
using a CDT profiler (Conductivity, Temperature and Depth) for the baseline study and stored in 
two separate 250 ml hexane cleaned plastic containers.  The water samples were immediately 
frozen and stored until analysis at a later stage at Port Elizabeth Technicon’s ChemQuest 
Laboratory (now Chemin) an accredited water sample analyse laboratory  
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Table 4.3  List of individuals used during the course of the baseline study. 
Site/Date Station # Species Sex cm g # Species Sex cm g # Species Sex cm g 
1 M.m M 39 150 2 M.m M 49 420 3 M.m M 48 370 
4 M.m M 49 400 5 M.m M 57 650 6 M.m M 65 860 
7 M.m M 62 790 8 M.m M 65 870 9 M.m M 71 1280 
10 M.m M 73 1500 11 M.m M 81 1890 12 M p M 83 1850 
13 M.m F 35 150 14 M.m F 41 200 15 M.m F 47 310 
16 M.m F 49 390 17 M.m F 39 190 18 M.m F 60 760 
19 M.m F 60 760 20 S.m M 46 430 21 S.m F 57 970 
22 S.m F 51 630 23 S.m F 54 990 24 S.m F 52 740 
Site 1 
28 May 
2000 
ANO 183-035 
Grid 2298 
55 Meter depth 
25 S.m F 56 1030 26 S.m F 63 1500      
27 S.m F 48 620 28 S.m F 51 760 29 S.m F 53 760 
30 S.m F 58 970 31 S.m F 46 490 32 S.m F 54 830 
33 S.m F 44 480 34 S.m M 43 440 35 S.m M 43 410 
Site 2 
29- May 
2000 
ANO 187-039 
Grid 1084 
47 Meter depth 
36 S.m M 40 300 37 S.m M 42 410 38 S.m M 41 350 
39 S.m M 45 40 40 S.m M 49 520 41 S.m M 44 380 
42 S.m M 45 440 43 S.m M 46 480 44 S.m M 46 480 
45 S.m M 41 340 46 S.m M 42 340 47 S.m M 45 470 
48 S.m F 46 590 49 S.m F 42 330 50 S.m F 42 370 
51 S.m F 49 620 52 S.m F 57 990 53 S.m F 46 460 
54 S.m F 39 270 55 S.m F 41 340 56 S.m F 57 900 
57 S.m F 54 970 58 S.m F 63 1440 59 S.m F 23 50 
Site 3 
30- May 
2000 
ANO 195-047 
Grid 2330 
68 meter depth 
30 minutes 
60 S.m F 30 140           
61 S.m F 27 100 62 S.m M 40 290 63 S.m F 35 210 
64 S.m F 32 160 65 S.m M 34 220 66 S.m F 34 180 
67 S.m M 34 190 68 S.m M 34 190 69 S.m M 34 190 
70 S.m F 33 190 71 S.m F 60 1150 72 S.m F 48 650 
73 S.m F 56 940 74 S.m F 23 60 75 S.m F 23 60 
Site 4 
03- June 
2000 
ANO 202 
Grid 2287 
99 metres depth 
30 minutes 
76 S.m M 27 100 77 S.m F 41 350 78 S.m F 50 560 
79 S.m F 43 420 80 S.m F 42 460 81 S.m F 52 800 
82 S.m F 55 980 83 S.m F 57 890 84 S.m M 30 130 
Site 5 
June 
2000 
ANO 210 
Grid 1043 
49 meter depth 
30 minutes 85 S.m M 30 120           
86 S.m M 35 230 87 S.m M 36 210 88 S.m M 41 370 
89 S.m M 32 140 90 S.m M 35 210 91 S.m M 45 500 
92 S.m M 45 390 93 S.m F 35 200 94 S.m F 37 240 
95 S.m F 42 360 96 S.m F 44 430 97 S.m F 36 220 
98 S.m F 47 560 99 S.m F 47 650 100 S.m F 49 560 
101 S.m F 54 850 102 S.m F 58 1020 103 S.m M 40 350 
Site 6 
June 
2000 
ANO 229 
Grid 1023 
48 meter depth 
30 minutes 
104 S.m M 40 320 105 S.m M 44 420 106 S.m M 41 340 
107 S.m M 42 370 108 S.m M 47 540 109 S.m M 45 420 
110 S.m F 44 490 111 S.m F 41 380 112 S.m F 42 360 
113 S.m M 37 260 114 S.m F 40 300 115 S.m F 54 840 
116 S.m F 53 770 117 S.m F 60 1030 118 S.m F 46 470 
119 S.m F 50 630 120 S.m F 67 1570 121 S.m F 64 1350 
Site 7 
June 
2000 
ANO 237 
Grid 1002 
30 minutes 
122 S.m F 63 1200 123 S.m F 61 1150      
A S.m F 63.5 1388 B S.m F 66 1586.1 C S.m F 62 1384 
D S.m F 60.5 1220 E S.m F 59.5 1092.4 F S.m F 60 1315.2 
G S.m F 57.5 916.9 H S.m F 62.5 1283 I S.m F 57 991.9 
J S.m F 59.5 1273 K S.m F 61 1241 L S.m F 60.5 1005.7 
April  
2001 
Private trawler 
Eyethu Fisheries  
Port Elizabeth 
M S.m F 59.5 1125.6 N S.m F 57 1090.7 O S.m F 58.8 986.4 
M.m: Mustelus mustelus, M.p: Mustelus palumbes, S.m: Squalus megalops, F: Female, M: Male, g: gram (length), cm: 
Centimetre (length), ANO: the trawl numbe r as supplied by MCM, Grid: the position of the trawl as provided by MCM. 
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3.1.  Extraction of metals. 
The sodium diethyldithiocarbamate/chloroform (NADDC/CHCl3 extraction method of Watling 
(1981) was used to extract the metals from the collected water samp les.  This method may be used 
for the simultaneous extraction of copper, iron, cadmium, cobalt, manganese, lead, chromium and 
zinc.  Sodium diethyldithiocarbamate selectively binds the metals and the formed complexes are 
then extracted into chloroform.   
3.1.1.  Reagents. 
Table 4.4. lists the reagents used during the extraction of the metals.  A buffered chelate was used 
during the extraction and was made up as follows: 
1. Dissolve 246g of sodium acetate trihydrate in 500 ml of deionised water. 
2. Add 11 ml glacial acetic acid. 
3. Adjust pH to 9-10 with ammonia solution. 
4. Dissolve 50g NaDDC in solution. 
5. Make up to 1 litre with deionised water. 
Table 4.4.  Reagents used for the buffered chelate and during the extraction procedure 
(Section 3.1.2) of metal complexes from water (Watling, 1981). 
Reagent Grade 
Sodium acetate trihydrate  Analytical grade 
NaDDC Analytical grade 
Deionised water Millipore filter 
Ammonia solution Suprapure 
Nitric acid  Analytical grade 
Hydrochloric acid Analytical grade 
Chloroform Analytical grade 
Acetic acid  Analytical grade 
 
3.1.2.  Extraction Method. 
Five-millilitre of the buffered chelate were added to 500 ml of water in a 1 litre-separating funnel 
and mixed for five minutes.  Twenty -millilitre chloroform was added and the solution was mixed 
for a further five minutes.  The solution was allowed to separate into a chloroform layer (containing 
the metals) and a water layer.  The chloroform layer was drawn off into a 100 ml ground glass 
stoppered Erlenmeyer flask.  A second 10 ml of chloroform was added to the separating funnel and 
the procedure was repeated (Watling, 1981).  Two -millilitre of concentrated nitric acid was added to 
the chloroform extract and the solution was evaporated over low heat on a hot plate.  The resulting 
white residue was redissolved in 10 ml of 10% nitric acid and this solution was used for the metal 
determination on the Inductively Coupled Plasma – Mass Spectrophotometer (see Section 6). 
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4.  Shark tissue preparation. 
4.1.  Dissection of samples. 
4.1.1.  Baseline study. 
All shark specimens to be used in this study were immediately weighed and the total length 
determined (see Fig. 4.12.).  The data was recorded (Table 4.3) before each individual was placed in 
its own plastic bag.  Specimens were then quick-frozen in the onboard walk-in freezer. All the 
sharks were kept frozen until they were thawed for dissection.  In November 2000 the samples were 
defrosted and dissected and the following tissues were collected for each specimen: eye lenses, jaw 
(cartilage sections with as much skin removed as possible), gills (whole gill), vertebrae (form just 
below the dorsal fin), muscle tissue (below dorsal fin), liver (whole liver taken out but only the 
posterior tip was used), stomach (whole stomach with content), gonads, egg mass (yolk), pups 
(embryos), spleen (only S. megalops).  Fig. 4.12 indicates the position from where the muscle tissue 
and vertebrae were obtained.  Each of the tissue types were individually wrapped in foil or placed in 
plastic bottles, cleaned with hexane, before being frozen again for later use.  The working area and 
dissecting equipment were cleaned with hexane before use and between each dissection to prevent 
contamination.  
The samples were kept frozen until such time that they were taken to the Port Elizabeth Technicon 
for digestion and analysis at the ChemQuest Laboratory (now named “Chemin”). At Chemin the 
samples were prepared for digestion, thereafter the metal content of the resuspended fractions was 
determined on an ICP-MS.  Approximately thirty samples (three sets of shark tissue types) were 
analysed per week after defrosting. 
Figure 4.12. Outline of a shark to illustrate methods of measurement.  The grey area indicates 
the position where skin, vertebrae and muscle tissue were removed for analysis. 
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4.1.2.  Metal tissue accumulation site and Metallothionein determination. 
Specimens were kept on ice until the vessel reached the harbour after which the researcher was 
informed to collect the sharks.  Sharks were weighed and measured (Table 4.3) before being 
dissected.  The following tissue types were collected in addition to the tissue types collected fro the 
baseline study namely skin, stomach content and stomach lining (Fig. 4.12 indicates the position of 
the vertebra, skin and muscle tissue used).  No jaw cartilage was collected. 
4.2.  Digestion of samples. 
The digestion of samples was based on the method of Robinson and Avenant-Oldewage (1997) and 
Watling (1981).  Each defrosted sample was placed in a 500 ml Erlenmeyer flask and dried 
overnight at 60ºC.  The following morning the sample was taken out of the oven allowed to cool 
and weighed again on the same balance.  Appendix 4.1 lists the wet and dry weight of all the 
samples used.  Ten millilitres of concentrated analytical grade nitric acid (55%) and 5 ml of 
concentrated analytical grade perchloric acid (65%) was added onto each sample (except liver 
samples which only received the 10 ml concentrated analytical grade nitric acid) and left overnight 
to start the digestion procedure.  The following day  the samples were digested on a hot plate, 10 ml 
nitric acid (concentrated) and 5 ml perchloric acid (concentrated) were added as the fluid 
evaporated until such time that the all the tissue were digested and a clear or slightly yellow 
solution remained.  The clear samples were allowed to dry and the residue was dissolved with 10 ml 
of 10% nitric acid and filtered using number 42 Whatmann filter paper and stored for analysis on an 
Inductively Coupled Plasma Mass Spectrophotometer.  All the glass storage bottles were acid 
washed and rinsed in deionised water. 
 
5.  Metallothionein determination. 
5.1.  Protein isolation and column preparation. 
The method used in the isolation of the metallothioneins was based on the procedure proposed by 
Ang and Chong (1998), using a Butyl Sepharose 4B (Sigma) hydrophobic column, illustrated in 
Fig. 4.13.  Other studies concerning metallothionein isolation have made use of Sephadex G-75 
columns eluting with Tris-HCl buffers (Hidalgo and Flos 1986). 
5.1.1.  Column preparation. 
The Butyl Sepharose column was prepared in the following manner: 
· The 50 ml bed volume Butyl Sepharose 4B resin was washed with 3 bed volumes of water. 
· The water wash was repeated. 
· Resin was washed in three bed volumes of the starting buffer (Buffer 1, Table 4.5). 
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· Repeated 2x.  
· Pellet was re-suspended in the starting buffer. 
· Column was packed. 
· Column was disassembled after each chromatographic cycle and the resin cleaned to remove 
strongly bound hydrophobic proteins, lipoproteins and lipids.  Cleaning and storing the 
column were done as follows: 
· The column was washed in two bed volumes of 1M Acetic acid. 
· The column was washed in five bed volumes of 70% ethanol. 
· The column resin was washed in four bed volumes of water. 
· The column resin was washed in three bed volumes of 20% ethanol. 
· Resin was re-suspend in 20% ethanol for storage. 
Table 4.5.  Buffers used during the purification and precipitation of the protein. 
Buffer pH Tris Ammonium Sulphate DTT* PMSF*  Mercaptoethanol*  
Buffer 1  
(2 L stock solution) 8.6 
0.02 M = 
4.844g  --- 2 mM  0.1 mM --- 
Buffer 2 
(2 L stock solution)  7 
0.02 M= 
4.844g  
2 M= 
528.56 g  --- --- 
2 mM  
 
Buffer 3 
(500 ml stock solution) 
7 0.02 M= 
1.211g  
1.8 M= 
118.926g  
--- --- 2 mM  
Buffer 4 
(500 ml stock solution) 7 
0.02 M= 
1.211 
0.4 M= 
26.428g --- --- 2 mM  
Buffer 5 
(500 ml stock solution) 7 
0.02 M= 
1.211g  0.0 M --- --- 2 mM  
* Added to volume needed on the day of analysis (DTT and 2-Mercaptethanol prevent the oxidation 
of proteins in solution (Deutscher, 1990) and PMSF inhibit protease activity). 
 
5.1.2.  Hydrophobic chromatography interactions as a method of separating proteins in solution. 
Proteins contain regions that are hydrophobic (Wilson, 1986) which stabilise their three 
dimensional structure (Kennedy, 1990).  There are differences that exist between proteins in their 
hydrophobic regions (due to differences in amino acid sequence) and this may be used to separate 
proteins.  The stationary phase of the column is strongly hydrophilic (weak hydrophobic) and the 
mobile phase consists of an aqueous salt solution (Kennedy, 1990) and the hydrophobic regions on 
the proteins surface form p-p bond interactions with the stationary phase.  As metallothioneins also 
have hydrophobic regions and because the two isoforms differ in their hydrophobicity (Ang and 
Chong, 1998) hydrophobic interactions with the column provide a good method for separation. 
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5.1.3.  Metallothionein isolation procedure.  
Six liver samples, ranging in weight from 29.07 g to 85.14 g were analysed for metallothionein 
content.  The livers were defrosted once to obtain samples for the metal tissue accumulation site 
(Chapter 10) investigation.  This should not have been a problem as metallothionein have been 
proven to be stable through heat and defrosting cycles (McCormick and Lin, 1991).  Liver samples 
1 to 5 were not subjected to heat treatment but liver sample 6 was.   
Figure 4.13.  Flow diagram illustrating the typical procedure used for metallothionein isolation.  The 
flow diagram is generic but here the weight (in g) and volume (in ml) are specific for liver sample 6.  
 Frozen liver  (44,5579g) 
· Defrost at room temperature, weighed 
· Add two times the weight of the liver of buffer 1, Table 4.5 (90 ml) 
· Homogenised using a Waring commercial blender 2 – 4 times for 15 seconds  
· Centrifuged in a Beckman Avanti 
TM 
for 1h (25 000g) at 4°C  
· Oil was removed from the supernatant. 
Supernatant (82 ml) 
· Add ammonium sulphate (pH7) to the supernantant to obtain a Molar value of 2, to 
ensure precipitation of HMW proteins 
· Leave overnight at 4°C 
· Centrifuged in a Beckman Avanti TM for 10 minutes (13 000g) at 4°C  
Supernatant (64 ml) 
Supernatant A (32 ml) 
Supernatant B (32 ml) 
· Loaded onto a Butyl Sepharose column (50 
ml) equilibrated in Buffer 1, Table 4.5  
· Elution buffers in Table 4.5: Buffer 2 (160 
ml), Buffer 3 (125 ml), Buffer 4 (125 ml) 
and Buffer 5 (100 ml)  
· Collected 5- 6 ml fractions using a 
CYGNET fraction collector  
· Monitored absorbence at 254 nm on a 
Spectronic ® Genesys TM 5 
Spectrophotometer 
· Heat treated at 50-60°C for 1 hour 
· Cooled on ice for 10 minutes 
· Centrifuged at 4°C for 10 minutes (20 000g) 
Supernatant (27 ml) 
· SDS-PAGE was completed using an 18% gel and stained using Coomassie Blue and Silver 
stain 
· Cu, Cd and Zn concentrations were determined by ICP-MS 
· Amino Acid Analysis were completed 
· N-terminal sequencing were completed 
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Each fraction resulting from the chromatographic separation were analysed for metal content by 
making a 1:1 dilution of each fraction with 10% nitric acid to destroy the organic matrixes and 
release the metals (Czupryn and Falchuk, 1991) and reading it on the same ICP-MS that were used 
for the baseline study at the Port Elizabeth Technicon (See Section 6 in this Chapter).  All samples 
were read at a 50 times dilution.  Based on the absorbance profile, SDS-PAGE patterns and ICP-MS 
results certain fractions were selected for further analysis.  The isolation procedure required both 
ammonium sulphate and SDS-PAGE techniques, thus a brief discussion of these techniques is 
given.  
5.1.3.1.  Ammonium sulphate precipitation. 
Ammonium sulphate is the most common precipitant used in the salting out of proteins as high 
concentrations of ammonium sulphate in solution results in the precipitation of proteins (Englard 
and Seifter, 1990).  There are a few advantageous to using ammonium sulph ate; (1) at saturation the 
molarity is high enough to result in the precipitation of most proteins, (2) it does not generate to 
much heat, the heat that is generated is easily dissipated, (3) high concentration prevent bacterial 
growth and (4) it stabiles proteins thus it protein suspension can be stored in high concentration of 
ammonium sulphate.  
5.1.4.  SDS PAGE (Sodium Dodecyl Sulphate Protein Analysis Gel Electrophoresis). 
A 18% acrylamide resolving gel was prepared (See Table 4.6) and cast using 0.75 mm combs 
spacers. When the resolving gel was set the comb and stacking gel was added and left to dry.  While 
the gel was setting the samples were prepared in 10 ml of reducing sample buffer.  If needed 
samples were dialysed before preparing them for electrophoresis and KCl precipitation was 
performed (outlined in Section 5.1.4.1, this Chapter).  The samples and Low Molecular Weight 
(LMW) samples (SIGMA see Table 4.7) were placed in boiling water for five minutes before being 
injected onto the stacking gel using a Hamilton syringe. The gel was first run at a potential 
difference of 100V and an electric current of 64 mA for 10 –15 minutes using the runner buffer 
(Table 4.6).  After 10 –  15 minutes the potential difference was changed to 200V until the die fron t 
reached the end/bottom of the gel.  The gel was removed, rinsed in distilled water and stained with 
Coomassie blue stain, either overnight or for 30 minutes.  The gel was destained, rinsed in distilled 
water and dried under a Freon vacuum.  Gels were on occasion silver stained according to the 
method of Morrisey (1981).    
A calibration curve of LMW standard proteins (Table 4.7) was attained (Fig. 4.14) and was used to 
determine the weight of the proteins on the SDS-PAGE gels.  Selected samples on SDS-PAGE gels 
were also transferred to a PVDF membrane (Bio-Rad 0.2µm Catalogue number 162-0177, Transfer 
buffer in Table 4.6) using the wet blot method for further analysis.  Transfer was completed over 3 
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hours at 100 V and 200 mA.  The resulting PVDF membrane were stained with Coomassie Blue 
stain for 10 minutes, destained using the destain solution (Table 4.6) and rinsed for 1 minute in 
distilled water followed by a 1 minute rinse in 50% methanol before being air-dried.  Relevant 
sections were cut out and sent to the University of Stellenbosch for amino acid analysis (Section 
5.2.1.) and some sections from sample 6 were sent for N-Terminal analysis (Section 5.2.2) to Dr 
Koji Muramoto (Laboratory of Biomolecular Function) at the Tohoku University in Sendai, Japan. 
Table 4.6.  SDS-PAGE solutions and gels. 
Reagent Component Reagent Component 
18% Resolving gel 
Distilled water 
Solution B 
Solution D (10% SDS) 
Solution A (40% acrylamide) 
Temed 
10% Ammonium sulphate 
 
3330 µl  
2500 µl  
100 µl  
4020 µl  
10 µl  
50 µl  
Stacking gel 
Water 
Solution C 
Solution D 
Solution A 
Temed 
10% Ammonium sulphate 
 
6425 µl  
2500 µl  
100 µl  
975 µl  
20 µl  
50 µl  
Coomassie Blue stain  
Coomassie Blue 
Ethanol  
Acetic acid 
Distilled water 
 
2.4 g 
500 ml 
96 ml 
(Make up to 
1L) 
Destain  
Methanol (absolute) 
Acetic acid (glacial) 
Distilled water 
 
400 ml 
100 ml 
500 ml 
Transfer buffer 
Tris 
Glysine 
Methanol  
Full up to 1 Litre with distilled 
water 
 
3.03 g 
14.4 g 
200 ml 
Running buffer 
Tris 
Glysine 
SDS 
Make up to 1 litre with 
distilled water 
 
15 g 
72 g 
5 g 
Reducing Buffer 
Distilled water 
Solution C 
Glycerol  
Solution D 
Mercaptoethanol 
0.05% (w/v) bromphenol blue 
 
4.0 ml 
ml 
0.80 ml 
1.6 ml 
0.4 ml 
0.2 ml 
Solution B 
(1.5 M Tris-HCl pH 8.8) 
Tris Base 
Distilled water 
Adjust pH with 1N HCl 
Make up to 150 ml with 
distilled water 
 
 
27.23 g 
~80 ml 
 
Solution C 
(0.5M Tris HCl, pH 6.8) 
Tris base 
Distilled water 
Adjust pH to 6.8 with 1N HCl 
Make up to 100 ml with distilled 
water 
 
 
6g 
~60 ml 
 
Solution A 
40% Acrylamide 
 
Solution D (10%SDS) 
SDS 
Distilled water 
 
 
 
 
10 g 
Make up to 
100 ml 
 
5.1.4.1.  KCl precipitation of samples. 
Samples were KCl precipitated as follows: 
· 100 µl of sample in Eppendorf. 
· 10 µl of 5% SDS added. 
· Vortexed and inverted. 
· 10 µl of 3M KCl added. 
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· Vortexed and inverted  
· Centrifuged on a bench for two minutes. 
· Pipetted supernatant off. 
· 10 µl of reducing buffer added. 
5.1.4.2.  Principles of silver staining. 
Silver staining of proteins in gels is approximately 100 times more sensitive than the Coomassie 
Blue stain (Merril, 1990).  Under acidic conditions silver nitrate reacts with proteins.  The resulting 
silver ions on the gel are then reduced to metalic silver by formaldehyde and the stain is developed 
by a dilute acetic solution.  
 Table 4.7.  Low Molecular Weight (LMW) Markers used during gel electrophoresis (SIGMA 
– M3913). 
Protein  Molecular weight 
Albumin, bovine serum 66000 
Ovalbumin, chicken egg  45000 
Glyceraldehyde-3-phosphate Dehydrogenase, rabbit muscle 36000 
Carbonic Anhydrase, bovine erythrocytes  29000 
Trypsinogen, bovine pancreas 24000 
Trypsin Inhibitor, soybean 20000 
a-Lactalbumin, bovine milk 14200 
Aprotinin, bovine lung  6500 
 
 
Figure 4.14.  Calibration curve of standard LMW proteins on SDS-PAGE gels as given in 
Table 4.7 (R2 = 0.9778). 
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5.2.  Protein identification. 
Isolated proteins were identified using Amino Acid Analysis (AAA) and N- terminal sequencing. 
5.2.1.  Amino Acid Analysis (AAA). 
For amino acid analysis selected samples were sent to the Amino Acid Analysis Facility in the 
Department of Biochemistry at the University of Stellenbosch.   Samples were stored at -20ºC and 
allowed to reach room temperature before analysis.  Analysis of samples will be discussed under (a) 
Hydrolysis, (b) Phenylisothiocynate (PITC) Derivation and (c) Separation by gradient High 
Performance Liquid Chromatography. 
5.2.1.1.  Hydrolysis. 
For AAA 2x2 mm samples were cut from the PVDF membrane and placed into 6x50 mm glass 
hydrolysis tubes.  After vacuum drying for two hours 20µl of 6M HCL/0.5% phenol were added to 
each tube.  The tubes were placed in hydrolyses reaction vials to which 200µl of 6 M HCl/0.5% 
phenol was added.  The duplicate samples were hydrolysed by incubating for 25 and 72-hour at 
112ºC.  All samples were stored at -20ºC until further processing.  Where possible freeze-dried 
samples (liver 6B) were sent to Department of Biochemistry at the University of Stellenbosch and 
the hydrolysis procedure is given below.  After thawing the sample was reconstituted in 100µl 
MilliQ water, 50µl of the sample was measured into a 6x50 mm hydrolysis tube (Hamilton syrin ge) 
and vacuum dried.  The remaining sample was added to the tube and vacuum dried for an additional 
two hours before being treated as above. 
5.2.1.2.  Phenylisothiocynate (PITC) Derivatization. 
After drying samples under vacuum for two hours the pH were adjusted by adding 20µl redry 
solution (2:2:1 ethanol:water:trietylamine) and further vacuum dried for 2 hours.  Twenty 
microlitres of derivatization solution (7:1:1:1 ethanol:water;trietylamine:phenylisothiocynate) were 
added an the samples were allowed to react for 10 minutes under room temperature before vacuum 
drying for 3 hours. 
5.2.1.3.  Separation by gradient High Performance Liquid Chromatography.  
Protein samples were resuspended in 1 µl of PICO-TAG® sample diluent (Waters, Milford, MA, 
USA), centrifuged for 1 minute and filtered using a 0.45µm filter.  Forty microlitres of protein 
bands 1-3 (Liver sample 6B) and 25 µl of protein band number 4 were injected onto a Waters 
Novapak ® C18 analytical column and separated under gradient conditions. 
The buffers used were as follows:  
A: pH 6.4 sodium acetate buffer with 5000ppm EDTA 1:2000triethylamine, 6% acetonitrile and  
B: 60% acetonitrile containing 5000ppm EDTA. 
Data were collected at 254 nm and analysed using Breeze ® softwater from Waters (USA). 
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5.2.2.   N- terminal sequencing. 
Transferred protein samples were sent to Dr. Koji Muramoto at the Tohoku University in Sendai, 
Japan for N-terminal sequencing.  Sequencing was determined using an Automated Shimadzu PSQ-
gas-phase sequencer using the FITC-PITC double coupling method as described by Muramoto, 
Kawauchi and Tuzimura ,1978,  Muramoto, Nokihara, Ueda and Kamiya, 1993). 
 
6.  Analyses of water and tissue samples for metals. 
Analysis for the baseline study took place from April 2001 to November 2002 while the Routes of 
Absorption analysis were done from December 2002 to June 2003.  Total metal concentration was 
determined using an Inductively Couples Plasma –  Mass Spectrophotometer (Spectro).  Standards 
were prepared from 1000 ppm standards (Table 4.8) that were diluted using 10% nitric acid (made 
up with deionised water).  Standards were first diluted to 100 ppm before further dilution to 1,5,10 
and 20 ppm.  Table 4.9 Records dilation of the 1000 ppm standards to make up the standards used. 
The concentratio ns used were 0 ppm (10% Nitric acid), 1 ppm, 5 ppm, 10 ppm and 20 ppm.  
See Appendix 4.2 for the specifications of the specific method used on the ICP-MS.  All samples 
were read at a concentration factor of 1, unless a greater than sign (>) was recorded, then a 10 times 
dilution were made and the sample read again at a concentration factor of 10.  Results recorded by 
the ICP-MS were recorded as ppm.  The resulting data was then divided by the wet and dry mass 
(Appendix 4.1) of the specific sample used to obtain the correct concentration of metals present in 
the digested sample. 
In the course of the chapter metal concentrations are given as ppm and ppb as defined in the 
abbreviations lists (Clark, 1989). 
Table 4.8.  Suppliers of metal standards used to calibrate the ICP-MS during the course of the 
study.  
Metal Supplier Concentration 
Aluminium Elabtec 1000 ppm 
Arsenic Ibhayi Laboratory Suppliers 1000 ppm 
Cadmium Ibhayi Laboratory Suppliers 1000 ppm 
Cobalt Ibhayi Laboratory Suppliers 1000 ppm 
Copper Ibhayi Laboratory Suppliers 1000 ppm 
Iron Ibhayi Laboratory Suppliers 1000 ppm 
Lead Ibhayi Laboratory Suppliers 1000 ppm 
Zinc Ibhayi Laboratory Suppliers 1000 ppm 
Manganese Ibhayi Laboratory Suppliers 1000 ppm 
Chromium  Industrial analytical 1000 ppm 
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Table 4.9.  Dilution of concentrated metal standards to form the standards for the ICP-MS 
calibration. 
 1 ppm 5 ppm 10 ppm 20 ppm 
Volume of concentrated  10 10 10 10 
Full up to 100 ml for 100 ppm 100 100 100 100 
Use X ml of 100 ppm 1 5 10 20 
Full up to X ml for given standard  100 100 100 100 
 
7.  Quality control of metal determination. 
To ensure the quality of the data received, the following was completed: 
§ Standard solutions were discarded after 30 days and new standards were made up.  The ICP-MS 
was then calibrated again. 
§ After every 10 – 12 samples one of the standards or distilled water were read to ensure that the 
ICP-MS was functioning correctly (Table 4.10). 
§ SABS quality standards were also read between samples to insure the correct functioning of the 
ICP-MS (Table 4.10). 
§ To ensure that no contaminants were introduced blanks were digested using the same procedure 
as the samples and read with the samples on the ICP-MS (see Table 4.10). 
§ Dogfish liver (DOLT -3) and Dogfish muscle (DORM -2) certified reference materials were 
ordered from the National Research Council Canada (NRCC) and digested and analysed using 
the same procedure as that of the samples.  The results (average and standard deviation, 
Percentage recovery values) and expected values are in Table 4.11.  The results showed very 
good recovery for DORM-2 (± 16%) for the following metals Al, Mn, Fe, Cu, Zn and As.  As 
the percentage recovery for Cr, Co, Cd and Pb were either to low or too high the data for the 
specific metals in Chapters 5 to 9 should be viewed with caution.  DOLT-3 indicated good 
percentage recovery (± 16%) for Fe, Cu, Zn, As and Cd.  No average was given for aluminium 
but the result of 29.23 ppm was only 16.92 % higher than the value reported by the NRCC.  The 
concentrations for the other metals (Cr, Pb) should thus be viewed with caution, as their 
recovery was not standardised. 
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Table 4.10.  Averages of the standards, blanks and deionised water as read by the ICP-MS. 
 Al Cr Mn Fe Co Cu Zn As Cd P b 
H2 O (D) 
0.20963 
±  
0.21775 
0.14124 
±  
0.15336 
0.19572 
± 
0.27708 
0.14534  
± 
 0.18512 
0.12219 
± 
0.19643 
0.08931 
± 
0.08192 
0.29480 
± 
0.81693 
0.2925  
± 
0.54415 
0.19892 
± 
0.32197 
0.39726 
± 
0.57150 
0 PPM 
0.13914  
± 
 0.18184 
0.10019  
± 
 0.07809 
0.15594 
± 
0.27583 
0.07251  
± 
 0.08683 
0.08062  
± 
0.11349 
0.05822  
± 
0.06438 
0.19711  
± 
0.45147 
0.17114  
± 
0.27485 
0.09683  
± 
0.15044 
0.22540  
± 
0.28776 
1 PPM 
1.03068 
±  
0.22460 
0.97990 
±  
0.15703 
0.99089 
± 
0.22274 
1.03714 
 ± 
0.10194 
1.00487 
±  
0.08270 
1.01777 
± 
0.07464 
0.95909 
± 
0.19253 
1.17464 
± 
0.61561 
0.98160 
± 
0.09990 
0.94336 
± 
0.27362 
5 PPM 
5.29468 
 ± 
0.49830 
5.10625 
 ± 
0.40583 
5.19565 
± 
0.81862 
5.254365 
± 
 0.45333 
5.044843 
± 
 0.67146 
5.04219 
± 
0.30413 
5.09214 
± 
0.74538 
5.24766 
± 
0.86983 
5.25740 
± 
0.35590 
5.06536 
± 
0.54402 
10 PPM 
10.00341 
±  
0.75670 
10.40603 
±  
1.02427 
10.43683 
± 
1.13509 
10.24872 
±  
1.07872 
10.10425 
±  
1.04371 
10.08385 
± 
0.84254 
10.0462 
± 
0.94742 
10.17070 
± 
1.88588 
10.28100 
± 
0.83504 
10.05538 
± 
0.70631 
20 PPM 
19.25235  
± 2.98383 
20.21118 
± 
1.720948 
19.43059 
± 
1.86832 
19.94059 
±  
1.77847 
19.55059 
±  
1.58491 
19.49471 
± 
1.30704 
20.22176 
± 
1.63638 
19.81765 
± 
1.79416 
19.71882 
± 
1.74236 
19.69444 
± 
1.40143 
Blank 
0.44670 
 ± 
0.25215 
0.06900 
 ± 
0.01640 
0.01687 
± 
0.01773 
0.38060 
± 
 0.12318 
0.05145  
± 
 0.02567 
0.02564 
± 
0.02198 
0.01938 
± 
0.01700 
0.16335 
± 
0.05918 
0.01981 
± 
0.01373 
0.08292 
± 
0.10534 
1.35367 
 ± 
0.42785 
1.90817 
 ± 
0.23403 
0.36814 
± 
0.15622 
1.52939 
± 
 0.87868 
0.40043 
± 
0.24508 
0.40833 
± 
0.28777 
0.61198 
± 
0.41890 
0.10747 
± 
0.06178 
0.24674 
± 
0.19837 
0.22628 
± 
0. 21738 
2003/01/2 
G1 
(Jan2003) 
1.3900 2.2040 0.3650 0.2364 0.7360 0.4770 0.2210 0.0245 0.1569 0.1950 
1.66200 
 ± 
0.56036 
2.3032 
 ± 
0.35922 
0.41588 
± 
0.06710 
1.82618 
 ± 
0.89596 
0.55092 
± 
0.29081 
0.36744 
± 
0.10087 
0.51172 
± 
0.63946 
0.14232 
± 
0.17337 
0.31856 
± 
0.27952 
0.29826 
± 
0.07983 
2003/04/3 
G1 
(Apr2003)  
1.4600 2.2800 0.3525 2.4355 0.7555 0.4470 0.3855 0.0523 0.1740 0.2080 
Denoting values as reported by the SABS 
Table 4.11.  Results of the analysis of the standard reference materials (DOLT-3 and DORM-
2) and the certified values (CV) as provided (milligram/kilogram = ppm = µg/g). 
  Al  Cr Mn Fe Co Cu Zn As Cd Pb 
 Avg.  
±  
std 
12.46 
± 
 0.622 
26.31 
±  
0.205 
3.14 
±  
0.021 
131.80 
± 
 0.566 
0.26 
±  
0.071 
2.67 
± 
 0.276 
26.47 
± 
 6.272 
17.98 
±  
0.156 
0.20 
± 
 0.042 
19.16 
± 
4.419 
% 
recovery 114.3 75.8 85.7 92.8 142.9 113.9 103.4 99.9 465.1 29469.2 
D
O
R
M
-2
 
 C V 
10.9 
± 
1.7 
34.7 
± 
5.5 
3.66 
± 
0.34 
142 
± 
10 
0.18 
2± 
0.031 
2.34 
± 
0.16 
25.6 
± 
2.3 
18.0 
± 
1.1 
0.043 
± 
0.008 
0.065 
± 
0.007 
 Avg.  
±  
std 
29.23 
± 
 2.15 
5.91 
± 
0.11 
--- 
1348.50 
±  
0.707 
--- 
30.56 
± 
 0.021 
92.10 
±  
3.111 
8.95 
±  
1.153 
18.32 
±  
0.021 
7.73 
±  
2.510 
% 
recovery 116.92 168.9 --- 90.869 --- 97.933 106.351 87.696 94.407 2414.063 
D
O
LT
-3
 
C V 25* 3.5* --- 
1484 
± 
57 
--- 
31.2 
± 
1.0 
86.6 
± 
2.4 
10.2 
± 
0.5 
19.4 
± 
0.6 
0.32 
± 
0.05 
CV: Certified values; *no CV given due to scatter of results; Avg.; Average; Std: standard deviation 
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Chapter 5.  Trace metal and heavy metal concentration in surface water and in 
Squalus megalops (Macleay 1881, Chondrichthyes, Squaliformes, Squalidae) at 
seven sites along the southeastern coast of South Africa.  
 
1.  Introduction. 
Despite the widespread disposal of anthropogenic wastes in the world’s oceans the South African 
coast is generally considered to be relatively unpolluted as very low levels of metals are present in 
the surface waters, but localised areas with very low levels of contamination have been recorded 
(Lord, 1989, Lord, Anderson and Basson, 1984, Watling and Watling, 1983).  Metals from mining 
and agricultural activities, sewage effluents, and air borne pollutants all contribute to the metal load 
of the marine environment (Watling and Watling, 1983).  Input routes from these sources will be 
discussed under point sources, non-point sources, petroleum hydrocarbons, stormwater discharge, 
dumping at sea and seabed activities in this chapter (CSIR, 1985).   
Point sources of metals into the ocean are from pipelines (Table 5.1), discharges consisting of 
domestic waste and industrial effluents as well as input from open channels and streams containing 
effluents from the industrial and farming communities (CSIR, 1985, Cloete and Watling, 1981, 
Lord et al., 1984). 
Table 5.1.  Information regarding some op the pipelines located in the study area (personal 
communication: CSIR 1985, http://www.wamys.co.za/outfalls/). 
Location Position  Type of effluent Depth (m) Length (m) Flow rate 
Fishwater Flats (PE) Offshore Urban/Municipal 2 170 45 000 m3/day 
Cape Recife (PE) Surf zone Urban/Municipal --- --- 7700 m3/day 
Knysna Knysna est. Urban/Municipal --- --- 2000 m3/day 
Mossel Bay Hartenbos est. Urban/Municipal --- --- 3000 m3/day 
Mossel Bay Surf zone Urban/Municipal --- --- 3900m3/day 
Vlees Bay (MB) Offshore Industrial (oil) 27? 1400? 7000 m3/day 
Vlees Bay (MB) Offshore Industrial (oil-Bal) 27? 1400? 6000 m3/day 
PE (Port Elizabeth);  MB (Mossel Bay); Est: Estuary; Bal: Ballast 
 
Due to the localized nature of pipeline discharges it is important that the location of pipelines are 
well planned for rapid dispersal in an attempt to reduce the local concentrations of pollutants (CSIR, 
1985).  Dilution of pipeline effluents discharged into the ocean are divided into two stages: (1) 
Initial dilution that is dependent on the design of the discharge pipe, density of the effluent, depth of 
discharge, vertical stratification in water column and water currents, and (2) secondary or 
subsequent dilution that is dependent on the effluent, the climatic and oceanographic conditions at 
the disposal site at the time of discharge (SCIR, 1985). 
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The amount of pollutants entering the marine environment through non -point sources is not known 
(CSIR, 1985).  Non point sources referred to here are rivers, storm water discharge, seepage of 
contaminated groundwater and atmospheric deposits. 
There are two types of petroleum hydrocarbons discharged into the oceans, namely accidental or 
chronic discharges (CSIR, 1985).  Accidental releases are associated with tanker and oil drilling 
accidents and range from a few litres to many thousands of tons.  Chronic releases are discharges 
from ships during routine operations, deliberate discharge of wastewater, land run off via storm 
water drains and atmospheric input. 
Very little is known about the characteristics and extend of storm water release and they can fall 
under point or non-point sources (CSIR, 1985).  Another complicating factor is that there is no 
direct control over the quality of storm water. 
Dumping of dredging waste (from harbours) and the dumping of waste materials do occur in the 
ocean (CSIR, 1985).  Dumping occurs at selected dumpsites  but very little information is available 
about the composition of dredge spoils but it apparently does contain high concentrations of metals. 
The disturbances of benthos are increasing in South African waters as mining operations (for 
example: seabed mining of zircon and diamonds) increase (CSIR, 1985). 
The coast of South Africa is deemed unpolluted and with the exception of Algoa Bay (Site 2), St. 
Francis Bay (Site 1) and Mossel Bay (Site 5) where higher metal levels are reported than in other 
sites along the coast there is no difference in metal concentration along the coast (Hennig, 1985, 
Watling, 1983).   
 
As can be seen from the preceding paragraphs the ocean is a convenient dumping site for various 
pollutants form industrial and municipal sources (Powell and Powell, 2001).   As top predators 
sharks may accumulate higher concentrations of metals by either bioaccumulation (accumulating 
metals from water) or biomagnification (accumulating metals from food) (Marcovecchio, Moreno 
and Perez, 1991). As these concentrations in the sharks increase it may result in deleterious effects 
such as reduced growth, and histological changes in the liver, spleen and gills (Crespo, Flos, 
Balasch and Alonso, 1979).  Not only are the sharks affected but humans, as consumers of shark 
meat, may develop health problems if contaminated shark meat is consumed (Windom, Stickney, 
Smith, White and Taylor, 1973).  Metals are a specific problem as they are toxic at low 
concentrations, they accumulate in the food chain and they are environmentally persistent (Negilski, 
1976).  Due to these characteristics of metals it is important to assess the metal concentration in 
marine species, especially all commercial fishes (including sharks).  In South Africa toxicity studies 
along the coast have mainly focused in the concentration of metals in mussels (Hennig, 1985, 
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Watling and Watling, 1983) and in fresh water Teleosts (Du Preez, Van der Merwe and Van Vuren, 
1997, Robinson and Avenant-Oldewage, 1997, Van de Merwe, Van Vuren and Du Preez, 1993).  A  
few studies have been done on the metal concentration in sharks though most of them focused on 
mercury concentration (Watling, McClurg and Stanton, 1981, Watson, 1997) with one study 
determining the concentrations for copper, lead, zinc, iron, manganes e, cobalt, cadmium and 
chromium in three shark species caught in KwaZulu-Natal (Watling, Watling, Stanton, McClurg 
and Engelbrecht, 1982).  With regard to marine mammals only one study was located in the 
literature search and it determined copper, cadmium,  lead and zinc in the Cape Fur seal 
(Stewardson, De Kock and Saunders, 1999).  There are thus gaps in the knowledge concerning 
metals in sharks, not only along the South African coast but also in other countries.  Even though 
several studies have been done on sharks most studies have focused on the commercially important 
Teleost (Brotheridge, Newton, Taggart McCormick and Evans, 1998, Powell and Powell, 2001, 
Zauke, Savinov, Ritterhoff, Savinova, 1999).  Other studies have combined research on Teleosts 
and Elasmobranchs (Walker, 1988).  But even the studies done on sharks in other areas of the world 
has focused mainly on mercury concentration: Australia (Caputi, Edmonds and Heald, 1979, 
Walker, 1981); Brazil (Lacerda, Paraquetti, Marins, Rezende, Zalmon, Gomez and Farias, 2000); 
Buenos Aires (Marcovecchio, Moreno, Pérez, 1986); Florida (USA) (Adams and McMichael, 1999, 
Hueter, Fong, Henderson, French and Manire, 1995).  A few studies have studied the concentration 
of other metals as well: arsenic (Japan: Hanaoko, Tanaka, Nagata, Yoshida and Kaise, 2001); 
aluminium, cadmium, copper, chromium, manganese, zinc and lead (Australia: Allinson, Nishikawa 
and Laurenson, 2002, Vas, Stevens, Bonwick and Tizini, 1990); cadmium and zinc (Argentina: 
Marcovecchio et al.,  1991); copper and manganese (British waters: Vas, 1991, Vas and Gordon, 
1993).  To establish a baseline for comparison with future changes in the marine environment due 
to increased pollution it is important to have a broad understanding of the concentration of metals in 
fish (Pentreath, 1973).  Together with spatial and temporal studies changes over time and problem 
areas may be identified and control measure implemented to prevent further degradation of the 
system (Du Preez et al.,  1997).  
This chapter thus aims to (1) determine the concentration of metals in shelf waters along the 
southeastern coast of South Africa as it is hypothesized that the coast condition is pristine and (2) to 
assess differences in metal concentrations in specific tissue types of Squalus megalops caught at the 
sampling sites along the south -eastern coast of South Africa as this was the only species to be 
caught at all seven sampling sites.  
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2.  Materials and methods. 
2.1.  Determining of metal concentrations in water samples. 
500 ml water samples were collected at seven inshore sites along the coast (Fig. 5.1) at five meters 
depth, stored in hexane cleaned polyethylene plastic bottles and immediately frozen until analysis.  
Detailed information on the study sites are in Chapter 4.  All samples were collected using a CTD 
(Conductivity, Temperature an Depth profiler) from a research vessel, the Dr. Fridtjof Nansen 
during May/June, 2000.  The water samples were analysed by Chemin (located at the Port Elizabeth 
Technicon), a South African Bureau of Standards (SABS) accredited laboratory and analysed using 
the sodium diethyldithiocarbamate/chloroform (NaDDC/CHCl3) extraction method of metals from 
seawater of Watling (1981).  Simultaneous metal concentrations were determined using an 
Inductively Coupled Plasma - Mass Spectrophotometer (ICP-MS).  The metals analysed were 
aluminium (Al), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), 
arsenic (As), cadmium (Cd) and lead (Pb).  One extraction was done and the samp le was read once 
using the ICP-MS. 
Figure 5.1.  The location of the seven sampling sites along the southeastern coast of South 
Africa. 
 
2.2.  Determination of metal concentration in four tissue types and in the stomach content of 
S. megalops. 
A total of 123 S. megalops were caught by demersal trawls at the seven sampling sites along the 
South African coast in May/June, 2000 (see Fig. 5.1) during a research cruise of the Norwegian 
research vessel Dr. Fridtjof Nansen conducted by Marine and Coastal Management (Department of 
Environment Affairs and Tourism, South Africa).  Sharks were weighed (g) and their total length 
measured (cm) before being placed in polyethylene plastic bags and immediately frozen.  
Dissection of the sharks was done on hexane-cleaned surfaces with hexane-cleaned equipment.  
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Digestion using concentrated nitric and perchloric acid was done after drying the tissue overnight in 
an oven (60 °C).  See Chapter 4 for detailed information.  As some of the sharks defrosted during 
the transport from Cape Town to Port Elizabeth they were discarded (see Chapter 4).  The resultant 
solution was read on an Inductively Coupled Plasma – Mass Spectrophotometer (ICP-MS).  Only 
one digestion was done per tissue sample for each of the sharks caught (vertebrae, gills, liver, 
muscle and stomach content) and only one reading conducted on the ICP-MS due to the expenses 
involved.   The resultant data from the ICP-MS were divided by the amount of dry tissue used to 
determine the total concentration (ppm) of metals in dry tissue, as it is the best basis for comparing 
the concentrations of substances in different tissues and organisms (Clark, 1992).  
 
 
3.  Results and discussion of metal concentration in surface water. 
Results (Table 5.2) indicated that the concentrations of all the metals were below the detection 
limits of the method, with the exception of Zn for which a concentration of 0.2463 ppm was 
recorded in St. Francis Bay (Site 1).  This value is still below the value of 25 ppm as prescribed by 
Lusher (1984) and th e Department of Water Affairs and Forestry (DWAF) (1995) see Table 5.4.  
Relatively high levels of Zn (0.2 – 9.3 ppm) were also recorded by Watling and Watling (1983) in 
St. Francis Bay (Site 1, Fig. 5.1, Table 5.3).  It is also hypothesized that the high concentration of 
Zn is due to chemical fertilizers washed into the sea by the Gamtoos and Van Stadens rivers 
discharging into the coastal ocean rather than solubilization of Zn from sediments (Watling, 1983).  
The opportunities to collect seawater is few and far between as no regular scientific oceanographic 
research cruises are conducted along the southeast and eastern coast of South Africa due to the costs 
involved and if they were conducted the results have been published in confidential reports and are 
not available for publication (personal communication Martin Gründig CSIR Stellenbosch).  As a 
result very little recent work on metal concentrations in marine waters and protocols for marine and 
estuarine waters in South Africa has been published (Shackleton, Schoeman and Newman, 2002). 
Table 5.2.  Metal concentration in the water sampled at seven sites along the southeast South 
African Coast during May/June, 2000. Values in ppm, the positions of the sampling sites are 
as grid numbers used by Marine and Coastal Management (MCM). 
S# Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Position 2298 1084 2330 2287  1043 1023 1002 
Cr <0.500 <0.500 <0.500 <0.500 <0.500 <0.500 <0.500 
Fe <0.800 <0.800 <0.800 <0.800 <0.800 <0.800 <0.800 
Cu <1.30 <1.30 <1.30 <1.30 <1.30 <1.30 <1.30 
Zn 0.2463 <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 
As <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 
Cd <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 
Al <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 
Mn <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 <0.200 
Co <0.060 <0.060 <0.060 <0.060 <0.060 <0.060 <0.060 
Pb <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 <2.00 
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The metal concentrations in seawater in Table 5.3 were collated from several sources (as supplied 
by the CSIR, personal communication Martin Gründig, CSIR, Stellenbosch) and differ substantially 
from the results of this study, these differences in the concentrations may be due to variability in 
sampling times and sampling procedures (Knauer and Martin, 1973).  Another factor is that though 
the area where the samples were taken overlap with the study sample areas, the depths from which 
the samples were taken differ as the study water samples were taken at five meters and those from 
the literature are usually surface water samples.  This may very well explain the differences in the 
metal concentrations detected, as the metal concentrations in surface water are usually higher due to 
the presence of phytoplankton and other microorganisms (Mullin and Riley, 1956).  As a result the 
metal concentrations in water immediately below the surface are lower, with an increase in depth 
concentrations will increase again due to the decomposing of the organism (Sadiq, 1992).  No 
information regarding the geochemistry of metals along the Southeastern coastline were obtained 
during the literature search.  This is a factor that needs to be looked into as speciation and 
availability of metals are influenced by temperature, and as the one ocean current along the 
southeastern coast is current is cold (Agulhas) and the other is warm (Benguella) their interactions 
may influence the geochemistry of the metals.  As a result the availability of metals and their toxic 
effects to the organisms inhibiting this area will be influenced (Cember and Curtis, 1978, Engel, 
1981, Förstner and Whitman, 1981, MacInnes and Calabrese, 1978, Shannon, 1995). 
The difference in concentrations and the low concentrations may also be due to an error made by 
the researcher as the water samples were not acidified in the storage containers and as a result 
metals may have absorbed onto the polyethylene container surfaces (Robertson, 1970). It is thus 
advised that data from the literature (as indicated in Table 5.3) should be used when computing 
biomagnification and transference.   
Table 5.3.  Recorded metal levels along selected sites along the southeastern coast of South 
Africa (Personal communication Martin Gründig CSIR, Stellenbosch, NRIO, 1981, Orren et 
al., 1981, Watling and Watling, 1983). Values in ppm. 
 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
GIS  
(West - East) 24,5º – 25.3º  25,5º – 26º 26,2º – 26,5º 23,4º – 23,6º 22,1 – 22,7º 20,75 – 21,75º 19,8 –, 20,25º 
Year 1977-82 1978-82 1980/81 1977 1977-79 1974-81 1977 
Zn 0.1-18.1 0.1-430 0.2-0.3 0.7-5.9 0.5-5.8 2.7-5.9 5.8-7.6 
Cd <0.1-1.5 <0.1-47 0.1 0.2-5.7 0.1-3.4 0.003- 0.27 0.13-0.62 
Cu 0.1-4.3 <0.1-11.3 1.4-1.5 0.1-1.7 0.1-3.4 1-3.2 0.6-1.5 
Pb <0.1-9.7 <0.1-41 0.1 0.5-3.9 <0.1-2.8 0.079- 0.68 0.5-0.95 
Fe ??-32 1-1650 14-16 4-135 15-1086 6.2-24 1.9-37.3 
Mn 0.8-530 0.5-246 1. 5-1.9 1-34.5 0.5-268 2.3-50.5 1- 131 
Co <0.01-0.9 <0.01- 0.8 0.1 0.1-0.5 0.05-0.3 - - 
Cr 0.2-4.4 0.03-3.2 - - 0.1-3.2 - - 
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Table 5.4 indicates the concentration levels of different criteria used in metal assessment for six of 
the studied elements.  When compared to Table 5.2 it is clear that the oceanic water at all seven 
sites fall below the maximum allowable levels and the lowest known chronic toxicity level.  As 
such the toxic effects induced by the metals may be limited or will be induced only after a long 
exposure time.  This may be due to the substitution of essential metals (e.g. manganese) with toxic 
metals (e.g. cadmium in proteins) that may result in reduced activity of the protein (Bremner, 1974, 
Goyer, 1986).  Only the concentrations for Cd (<0.2 ppm), Cr (<0.5 ppm) and Pb (<2.0 ppm) cannot 
be compared to the normal seawater concentration (Cd: 0.1 ppm; Cr: 0.2 ppm; Pb: 0.04 ppm) as the 
recorded normal seawater concentrations (Table 5.4) fall below the detection limit of the method.  If 
the concentration for these metals are higher or lower than the normal seawater concentrations are 
thus still unclear and further study will have to be conducted.  Comparing the results in Table 5.3 
and Table 5.4 show that there are some sites where the metal concentrations are higher than the 
recommended values (highlighted in Table 5.3, Sites 2 (Zn, Cu, Pb) and 4 (Cd)).  This confirms the 
results of Lord (1989) that for the greater part the southeastern coast of South Africa is still 
relatively unpolluted but that there are localised areas of pollution where concentration exceed the 
prescribed values.  
 These localised areas of pollution usually occur near estuaries such as the Gamtoos and populated 
areas such as Port Elizabeth.  It also seems that the only metals that may become a problem is Zn, 
Cd, Cu and Pb, but the recorded level is still for the most part below the maximum allowable level 
and below the normal seawater concentration.  There is scope for further study in this area 
especially by determining the geochemistry of the elements and if they are severely influenced by 
the mixing of the two current systems.  Another area of investigation is the metal concentration in 
the river systems along the coast as these seems to play an important role in the metal burden of the 
inshore waters.  
Table 5.4.  Water Quality criteria for South African coastal waters (DWAF, 1995, Lusher, 
1984).  Values in ppm.  
 As Cd Cr Cu Pb Zn 
Maximum allowable levels in marine 
waters of South Africa - to be obtained in 
the sea after di lution 
12 4 8 5 12 25 
Reported concentration marine water 2.6-3.0* 0.108• 0.071• 0.899•  0.521• 6.59• 
Toxicant level not to be exceeded 47.6 1.6 3.08 
(Cr(VI) 
2.88 5.2 17.6 
Lowest known chronic toxicity level  232 6.4 14.6 (Cr(VI)) 6.4 26 56 
Normal seawater concentration 1.5 0.1 0.2 (Cr(VI)) 2 0.04 8 
*SADCO data (South African Data Centre for Oceanology) 
•H2O criteria USA (no data for As in South African waters were found)  
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4.  Results of the metal concentration in S. megalops at the seven sampling sites. 
 Table 5.5 gives information on the number, sizes and sexes of individual sharks caught at the seven 
sampling sites (sharks were classified as juvenile if no reproductive organs were present, females 
were further divided into gravid (containing egg mass (yolk) or pups (embryos)) and mature 
females (only ovaries present)).  At some sampling sites no males were trawled (Site 5) at other 
there were either no mature (Site 4) or no juvenile males (Site 1,3,7).  No juvenile females were 
trawled at sampling Sites 1,2 and 3 and no mature females were trawled at sampling Sites 1 and 4. 
This segregation of males and females, as well as the segregation into different maturity stages 
along the coast is typical of S. megalops (Compagno, 1984).   
Table 5.5.  The size range of all samples (cm) caught at the seven sampling sites, as well as the 
number (n) of males and females separated according to two life stages (mature or juvenile).  
  Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Males 
Length (cm) 
Juvenile (n) 
Matu re (n) 
46 
0 
1 
40 – 43 
2 
3 
41 –  49 
0 
9 
27 –  40 
6 
0 
-- 
30 –45 
4 
4 
37 – 45 
0 
6 
Females  
Length (cm) 
Juvenile (n) 
Mature (n) 
Pregnant (n) 
51 –  63 
0 
0 
6 
44 – 58 
0 
1 
6 
41 –  63 
0 
5 
5 
23 –  56 
6 
3 
1 
41 – 55 
2 
2 
2 
35 – 58 
5 
3 
1 
40 – 67 
4 
0 
5 
Total sample sizes 7 12 19 16 6 17 15 
 
Fig. 5.2A and Fig. 5.2B illustrate the oxygen and temperature variation of the seven sampling sites 
with depth (data supplied by Marine and Coastal Management).  As temperature and oxygen 
content influence the speciation of metals and the metabolism of all organisms these two factors 
will have an influence on the accumulation of metals by sharks and will be discussed in more detail 
in the discussion (Section 5.2.2) (Langston, 1990, Prosi, 1981, Sadiq, 1992). 
Figure 5.2.  Oxygen content (A) and Temperature (B) of the water at the seven sampling sites 
with increasing depth. 
 
To determine if the data within a sampling site were normally distributed the Kolmogorov -Smirnov 
Normality test (SIGMASTAT) was performed on all seven sites individually for all ten the metals 
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in all the tissue types.  Due to the flaws inherent to the Bonferoni corrections it was decided not to 
adjust the significant level of the multiple statistical test (Moran, 2003).  The results are presented in 
Table 5.6.  The samplin g sites where there were normal distributions of metals in the tissue type are 
highlighted.  The number of samples (n) used to determine the distribution is the same as in Table 
5.7 for a metal in a specific tissue type at a specific sampling site.  The failed tests (Table 5.6) 
indicated that the data series for a specific sampling site (specific metal and tissue type) varied 
significantly from the pattern expected if the data was drawn from a population with a normal 
distribution.  A test that passed indicated that the data matched the pattern expected if the data was 
drawn from a population with a normal distribution.   
The distribution of metal concentrations within a sampling site may not have been normal due to the 
difference in size ranges of the shark samples at a specific site or due to the differences in the ratios 
of males and females.  As older sharks may have accumulated more metals than younger sharks the 
proportion of older animals may result in a skewed distribution due to only high levels of metals 
(ppm) detected (Vas and Gordon, 1993).  Males and females have different growth rates and as such 
they may have different levels of metals in their respective tissues, which may be influenced by the 
distribution of metal concentrations at a specific sampling site (Eustace, 1974, Watson, 1997).  
Another possible reason is that the sample sizes may have been too small to indicate the distribution 
pattern. 
Table 5.7 gives the averages and standard deviations of the metals in each tissue at each site.  
Highlighted numbers represent the highest concentration for a specific metal in a specific tissue 
type between the seven sampling sites.  
The mean concentrations per metal in each tissue type for most of the metals (Table 5.7) were 
higher at sampling Sites 1 and 2 than the levels detected at the other five sampling sites.  With the 
exception of Mn in vertebrae (Site 7), gills (Site 7), liver (Site 7) and muscle (Site 7) and Pb in gills 
at Site 5, these two sampling sites had the highest concentrations of metal concentration in all the 
tissue types.   
To determine if there were differences in the concentration of a specific metal in a specific tissue 
type between the seven sampling sites a single factor ANOVA (SIGMASTAT program) were done 
for each metal in a sp ecific tissue type.  The results are in Table 5.8.  Normality tests determined if 
the combined data from the seven sties had a normal distribution with an alpha level of 0.01 for the 
level of significance (P values below 0.01 indicate that there was not a normal distribution and are 
highlighted in Table 5.8).  An equal variance test with an alpha significance level of 0.01 were set 
to determine if the data from the seven sites had an equal variance (A P value of less than 0.01 
indicate that the variance was not equal and are highlighted in Table 5.8).  The level of significance 
for the ANOVA test was 0.05 thus if the P value for the source of variation are below 0.05 there is a 
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significant difference between the sampling sites (highlighted in Table 5.8).  The power of the 
performed test was set at a significant level of 0.05 and the resulting Power values below 0.8 should 
be interpreted with caution (highlighted in Table 5.8), as there is a greater chance of committing a 
Type II error (Zar, 1999).   
Table 5.6.  Results of the Kolmogorov-Smirnov normality test (SIGMASTAT) to determine if 
the metal concentration (ppm) data for each tissue type at each site had a normal distribution.   
  Al  Cr Mn Fe Co Cu Z n As Cd Pb 
 Site Value of 
P 
Value of 
P 
Value of 
P 
Value of 
P 
Value of 
P 
Value of 
P 
Value of 
P 
Value of 
P 
Value of 
P 
Value of 
P  1 > 0.200 0.098 > 0.200 0.004 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 0.005 
 2 < 0.001 0.003 0.039 > 0.200 0.165 0.014 0.163 > 0.200 < 0.001 > 0.200 
 3 0.003 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.002 < 0.001 < 0.001 
 4 < 0.001 0.002 < 0.001 0.061 0.152 < 0.001 0.045 0.196 0.003 0.003 
 5 > 0.200 > 0.200 < 0.001 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 0.021 
 6 < 0.001 < 0.001 0.151 < 0.001 < 0.001 < 0.001 < 0.001 > 0.200 < 0.001 < 0.001 
V
er
te
br
ae
 
 7 0.007 < 0.001 < 0.001 < 0.001 < 0.001 0.005 0.079 0.005 0.001 < 0.001 
 1 0.003 0.097 > 0.200 0.025 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 
 2 > 0.200 0.034 > 0.200 0.098 0.005 > 0.200 > 0.200 > 0.200 0.155 0.178 
 3 0.036 0.007 0.012 0.001 < 0.001 0.155 0.094 > 0.200 0.179 < 0.001 
 4 < 0.001 < 0.001 < 0.001 0.069 0.007 < 0.001 > 0.200 > 0.200 < 0.001 0.003 
 5 > 0.200 0.159 < 0.001 0.001 > 0.200 0.132 0.061 > 0.200 > 0.200 0.038 
 6 0.121 < 0.001 0.019 0.069 0.049 < 0.001 0.045 > 0.200 < 0.001 < 0.001 
G
il
ls
 
 7 0.012 < 0.001 < 0.001 < 0.001 < 0.001 0.015 < 0.001 0.008 < 0.001 < 0.001 
 1 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 > 0.200 < 0.001 
 2 < 0.001 0.14 > 0.200 > 0.200 > 0.200 0.003 > 0.200 > 0.200 > 0.200 < 0.001 
 3 < 0.001 < 0.001 0.037 0.008 < 0.001 0.049 < 0.001 0.054 < 0.001 0.012 
 4 0.021 0.053 < 0.001 > 0.200 > 0.200 < 0.001 > 0.200 0.022 > 0.200 0.107 
 5 < 0.001 0.031 < 0.001 > 0.200 0.095 > 0.200 > 0.200 > 0.200 > 0.200 0.005 
 6 0.093 < 0.001 0.006 > 0.200 0.012 0.055 > 0.200 < 0.001 0.148 > 0.200 
L
iv
er
 
 7 > 0.200 0.019 < 0.001 > 0.200 < 0.001 0.016 0.017 0.002 > 0.200 < 0.001 
 1 0.003 0.156 > 0.200 > 0.200 > 0.200 < 0.001 0.119 0.177 > 0.20 0 0.085 
 2 0.003 0.015 0.112 < 0.001 0.054 < 0.001 > 0.200 > 0.200 0.026 0.022 
 3 < 0.001 < 0.001 0.048 < 0.001 < 0.001 > 0.200 > 0.200 > 0.200 > 0.200 < 0.001 
 4 < 0.001 0.006 < 0.001 0.085 < 0.001 > 0.200 > 0.200 > 0.200 0.044 0.015 
 5 0.036 0.004 < 0.001 0.117 0.039 0.053 0.063 > 0.200 > 0.200 < 0.001 
 6 0.002 < 0.001 0.078 0.098 < 0.001 > 0.200 < 0.001 0.158 < 0.001 < 0.001 
M
us
cl
e 
 7 0.003 0.025 < 0.001 0.025 < 0.001 0.013 > 0.200 > 0.200 < 0.001 < 0.001 
 1 > 0.200 > 0.200 > 0.200 0.099 > 0.200 0.06 > 0.200 > 0.200 0.064 0.193 
 2 < 0.001 0.103 < 0.001 < 0.001 0.024 0.02 0.026 > 0.200 > 0.200 > 0.200 
 3 > 0.200 0.031 > 0.200 > 0.200 > 0.200 < 0.001 < 0.001 0.083 0.186 0.018 
 4 < 0.001 0.011 < 0.001 0.002 0.017 0.052 < 0.001 < 0.001 0.017 0.002 
 5 > 0.200 > 0.200 < 0.001 0.177 0.099 > 0.200 0.124 > 0.200 0.073 0.005 
 6 0.01 0.002 0.007 0.013 0.02 0.075 < 0.001 0.13  > 0.200 0.061 
St
om
ac
h 
 7 < 0.001 > 0.200 < 0.001 > 0.200 > 0.200 0.093 < 0.001 0.058 < 0.001 < 0.001 
 
From Table 5.8 it is clear that it was only for six comparisons that no differences in metal 
concentration for a specific tissue type between sampling sites were recorded namely Co (P = 
0.053) and Pb (P = 0.509) in vertebrae, Mn (P = 0.086) in muscle tissue and Al (P = 0.614), Mn (P 
= 0.407) and Pb (P = 0.078) in stomach content.  All of these should be interpreted with caution as 
the power of the performed test was below 0.8.  Comparisons that indicated that the metal 
concentration in a specific tissue type between sites were significantly different but should be 
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interpreted with caution as the power of the performed test was below 0.8 are: Cr and Mn in gills, 
Pb in liver and Cd in stomach.  
Table 5.7.  Results of the descriptive statistics for determining the mean and standard 
deviation of the concentration of each metal (ppm) per tissue type at each sampling site (n: 
number of samples used to determine mean and standard deviation). 
 Metal Site 1  Site 2 Site 3  Site 4  Site 5  Site 6 Site 7  
Al 21.433±7.546 42.546±43.655 2.057±1.707 1.997±4.625 1.096±0.621 1.831±2.108 7.054±6.829 
As 48.599±17.308 55.040±21.319 3.466±2.877 5.278±4.007 4.425±3.731 5.875±3.117 4.027±2.736 
Cd 0.312±0.150 1.037±1.718 0.179±0.579 0.234±0.300 0.0588±0.0528 0.123±0.238 0.103±0.123 
Co 0.306±0.0564 0.474±0.253 0.101±0.313 0.273±0.223 0.0638±0.0380 0.310±0.643 0.104±0.193 
Cr 0.346±0.112 1.163±0.976 0.140±0.433 0.206±0.248 0.0574±0.0570 0.0939±0.132 0.0987±0.140 
Cu 0.606±0.203 1.194±0.856 0.180±0.580 0.178±0.195 0.0987±0.0492 0.145±0.212 0.122±0.132 
Fe 18.835±14.530 19.391±7.493 2.774±6.892 5.354±3.784 2.862±2.384 3.760±4.890 1.843±1.707 
Mn 5.852±1.649 5.731±1.686 0.512±0.450 8.055±30.009 3.147±6.322 0.583±0.348 64.516±96.101 
Pb 2.081±2.493 2.585±2.621 1.543±6.090 1.346±1.417 0.740±1.404 1.980±4.795 1.370±4.493 
Zn 36.480±7.702 33.641±10.500 2.511±2.896 3.169±2.716 1.700±1.135 3.706±8.081 1.822±1.180 
V
er
te
br
ae
 
(n) 7 12 18 16 6 17 15 
Al 11.411±4.321 6.769±2.128 1.239±0.928 2.769±3.364 2.652±2.744 0.922±0.704 4.214±4.990 
As 55.761±21.761 74.446±28.200 4.391±2.494 4.414±2.494 7.705±3.461 6.662±4.094 6.357±5.702 
Cd 0.599±0.168 0.786±0.798 0.0438±0.0283 0.330±0.493 0.227±0.264 0.156±0.274 0.101±0.145 
Co 0.551±0.182 0.563±0.576 0.0657±0.149 0.461±0.519 0.195±0.121 0.385±0.441 0.141±0.229 
Cr 0.721±0.493 0.849±0.489 0.0610±0.0673 0.297±0.597 0.213±0.232 0.177±0.351 0.0867±0.170 
Cu 1.564±0.445 1.135±0.626 0.0778±0.0525 0.343±0.493 0.395±0.281 0.226±0.228 0.218±0.267 
Fe 104.083±32.789 119.426±42.688 8.571±8.087 19.458±16.181 16.807±13.220 10.658±5.615 15.579±30.012 
Mn 3.777±0.826 3.794±1.231 0.270±0.205 4.993±17.955 18.152±42.308 0.391±0.139 33.249±57.793 
Pb 1.623±1.163 1.600±1.622 0.677±2.441 1.610±2.480 1.957±2.851 0.475±0.706 0.997±2.574 
Zn 52.886±12.364 45.492±7.904 3.041±1.213 4.776±2.189 6.479±4.480 4.290±2.373 10.023±25.912 
G
ill
s 
(n) 7 11 18 16 6 17 15 
Al 3.879±0.858 15.402±22.075 2.043±4.289 0.624±0.486 1.648±3.293 0.544±.641 2.199±1.499 
As 23.172±9.705 28.801±14.850 2.879±1.992 2.334±1.981 1.825±1.381 4.384±7.643 5.206±6.588 
Cd 5.243±2.356 2.126±1.818 0.417±0.541 0.139±0.132 0.191±0.122 0.163±0.162 0.242±0.199 
Co 0.375±0.0515 0.354±0.159 0.0809±0.0803 0.0845±0.0715 0.110±0.0968 0.150±0.0931 0.106±0.0949 
Cr 0.315±00495 0.689±0.419 0.451±0.553 0.0529±0.0643 0.144±0.172 0.255±0.367 0.437±0.441 
Cu 2.656±1.443 2.815±2.431 0.292±0.230 0.246±0.274 0.158±0.100 0.217±0.217 0.304±0.268 
Fe 87.256±38.345 70.445±36.371 10.617±7.571 3.791±2.624 5.839±3.330 6.958±6.187 12.774±8.140 
Mn 0.911±0.450 1.080±0.531 0.105±0.0658 0.243±0.631 2.680±6.237 0.166±0.145 7.693±10.854 
Pb 9.557±19.848 2.435±5.076 0.259±0.329 0.251±0.290 0.297±0.388 0.218±0.159 0.296±0.335 
Zn 14.874±6.987 12.569±4.721 0.898±0.753 1.119±0.917 0.953±0.535 1.211±0.749 1.378±1.040 
L
iv
er
 
(n) 6 12 17 16 6 14 14 
Al 143.793±195.606 318.277±473.241 19.862±38.470 28.784±59.268 9.213±13.335 6.800±10.989 13.510±16.988 
As 45.468±15.418 56.666±33.954 2.177±1.130 3.840±3.605 2.146±1.772 3.406±2.558 3.196±1.202 
Cd 3.959±1.875 4.931±5.952 0.148±0.113 0.522±0.580 0.186±0.156 0.353±0.471 0.287±0.503 
Co 2.585±2.583 0.706±0.421 0.0443±0.0505 0.491±0.721 0.102±0.148 0.607±1.034 0.0539±0.0693 
Cr 2.438±2.625 1.262±0.948 0.148±0.233 0.143±0.139 0.154±0.240 0.110±0.196 0.0303±0.0350 
Cu 14.824±23.576 12.897±23.010 0.308±0.190 0.361±0.247 0.791±0.849 0.322±0.248 0.345±0.185 
Fe 328.512±129.900 230.879±212.140 31.166±36.808 27.631±24.203 16.663±10.640 15.219±16.849 10.982±9.035 
Mn 10.575±9.828 6.922±6.574 0.548±0.383 13.699±52.952 17.894±42.522 0.348±0.268 55.747±114.075 
Pb 11.862±13.749 2.590±2.509 0.445±1.013 0.799±1.062 0.284±0.524 0.327±0.714 0.698±1.308 
Zn 112.432±57.536 77.591±30.115 4.611±2.447 4.808±2.849 5.109±4.891 6.233±11.479 3.494±1.570 
M
us
cl
e 
(n) 7 11 19 16 6 16 13 
Al 13.247±4.399 12.874±27.902 1.986±1.420 13.597±41.565 2.665±2.190 3.733±3.781 5.027±6.409 
As 74.608±25.733 48.142±31.915 6.182±3.720 9.633±12.916 4.773±3.556 6.677±5.891 6.310±7.109 
Cd 2.407±0.981 1.178±1.030 0.416±0.246 1.300±1.864 0.455±0.470 0.232±0.220 0.818±1.834 
Co 2.863±0.497 0.629±0.529 0.334±0.240 1.330±1.492 0.388±0.339 0.531±0.345 0.307±0.201 
Cr 2.539±0.477 0.956±0.593  0.389±0.297 0.710±0.816 0.415±0.480 0.263±0.388 0.170±0.100 
Cu 2.369±1.514 2.198±2.121 0.263±0.231 1.078±1.301 0.676±0.396 0.400±0.433 0.424±0.351 
Fe 259.956±65.101 43.349±60.282 22.863±14.033 32.974±34.697 25.490±24.597 23.050±16.736 14.223±8.616 
Mn 0.884±0.550  1.398±2.045 0.455±0.352 6.969±23.532 4.364±8.844 0.812±1.096 9.167±16.460 
Pb 8.423±9.975 3.041±2.597 0.933±0.751 6.254±10.835 4.247±6.140 0.953±0.762 3.238±5.862 
Zn 55.746±8.340 26.235±25.082 8.693±19.497 8.379±6.605 9.189±10.260 9.804±10.787 6.727±12.965 
St
om
ac
h 
(n) 4 12 19 15 6 13 13 
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To determine exactly which sampling sites were different from each other, the metal concentration 
in the different tissue types for each sampling site was compared with all the other sampling sites 
using pair wise comparisons according to the Tukey test.  The results of the Tukey test are in 
Appendix 5.1.  The results of the Tukey test were summarised in Table 5.9 to highlight the 
sampling sites that were significantly different from each other for a specific metal and tissue type.  
The sample sizes for each sampling site, and metal concentration in a tissue type is the same as in 
Table 5.7.  
The five selected tissue types will be divided into three parts for discussion purposes, namely 
tissues associated with (1) storage (vertebrae and muscle), (2) detoxification (liver) and (3) samples 
that may give us an idea of the metal load in the environment (metal concentration in lower trophic 
levels (stomach content) and the accumulation of metals form water (gills)).  Under each section the 
differences in the metal concentration in tissue types between sampling sites will be discussed for 
the specific metal. 
4.1.  Storage tissue types. 
Vertebrae and muscle tissue are tissue types that are associated with the storage and long term 
accumulation of metals (Eisler, 1967), for this reason both tissue types will be jointly discussed 
below. 
4.1.1.  Aluminium.  
Al concentrations were higher in vertebrae and muscle tissues at sampling Sites 1 and 2 than at the 
other five sampling sites (Table 5.7).  However, Al concentrations were the highest in samples from 
sampling Site 2 for both the tissue types.    Single factor ANOVA (Table 5.8) revealed that the 
seven sampling sites were significantly different in the Al concentration in vertebrae and muscle (P 
< 0.001).  The Tukey test indicated that the differences in Al concentration in vertebrae (P < 0.001, 
Appendix 5.1 and Table 5.9) and muscle tissue (P < 0.01, Appendix 5.1 and Table 5.9) were 
between sampling Site 2 and sampling Sites 3, 4, 5, 6 & 7.  No other differences between Al 
concentrations were recorded for vertebrae or muscle tissue for any of the other sampling sites (P > 
0.05, Appendix 5.1 and Table 5.9). 
4.1.2.  Arsenic. 
As concentrations were higher in vertebrae and muscle tissue at sampling Sites 1 and 2 than the 
other five sampling sites (Table 5.7).  Sampling Site 2 had the highest overall As concentration.  
Single factor ANOVA (Table 5.8) revealed that the seven sampling sites were significantly different 
in the As concentration in vertebrae and muscle (P < 0.001). The Tukey test indicated that As 
concentration in both vertebrae (P < 0.001, Appendix 5.1 and Table 5.9) and muscle tissue samples 
(P < 0.05, Appendix 5.1 and Table 5.9) from sampling Sites 1 and 2 were significantly different to 
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the other five sampling sites.  No other differences between As concentrations were recorded for 
vertebrae or muscle tissue for any of the other sampling sites (P > 0.05, Appendix 5.1 and Table 
5.9). 
Table 5.8.  ANOVA results for determining if the metal concentration (ppm) in a specific 
tissue type were different between the seven sampling sites.  DF: Degrees of freedom. 
Normality 
a = 0.01 
Equal variance 
a  = 0.01  Source of variation Tissue Metal  
Value of P Value of P DF F P  
Power of performed test 
with a = 0.05 
Vertebrae Al  <0.001 0.003 6 10.933 <0.001 1.000 
Vertebrae As <0.001 <0.001 6 66.022 <0.001 1.000 
Vertebrae Cd <0.001 0.003 6 6.116 <0.001 0.994 
Vertebrae Co <0.001 0.485 6 2.176 0.053 0.433 
Vertebrae Cr <0.001 0.028 6 10.300 <0.001 1.000 
Vertebrae Cu <0.001 0.032 6 10.612 <0.001 1.000 
Vertebrae Fe <0.001 0.026 6 16.088 <0.001 1.000 
Vertebrae Mn <0.001 <0.001 6 4.615 <0.001 0.948 
Vertebrae Pb <0.001 0.709 6 0.886 0.509 0.050 
Vertebrae Zn <0.001 0.004 6 74.671 <0.001 1.000 
Gills Al  <0.001 0.021 6 14.682 <0.001 1.000 
Gills As <0.001 <0.001 6 53.440 <0.001 1.000 
Gills Cd <0.001 <0.001 6 9.249 <0.001 1.000 
Gills Co <0.001 0.147 6 3.677 0.003 0.845 
Gills Cr <0.001 0.008 6 2.896 0.013 0.670 
Gills Cu <0.001 0.001 6 22.850 <0.001 1.000 
Gills Fe <0.001 0.022 6 46.150 <0.001 1.000 
Gills Mn <0.001 0.003 6 3.755 0.003 0.854 
Gills Pb <0.001 0.020 6 2.995 0.011 0.695 
Gills Zn <0.001 0.247 6 33.502 <0.001 1.000 
Liver Al  <0.001 0.047 6 4.603 <0.001 0.946 
Liver As <0.001 <0.001 6 24.007 <0.001 1.000 
Liver Cd <0.001 <0.001 6 29.9056 <0.001 1.000 
Liver Co 0.024 0.192 6 17.154 <0.001 1.000 
Liver Cr <0.001 0.006 6 3.973 0.002 0.886 
Liver Cu <0.001 <0.001 6 14.712 <0.001 1.000 
Liver Fe <0.001 <0.001 6 35.850 <0.001 1.000 
Liver Mn <0.001 <0.001 6 4.691 <0.001 0.952 
Liver Pb <0.001 0.030 6 2.858 0.014 0.657 
Liver Zn <0.001 <0.001 6 52.114 <0.001 1.000 
Muscle Al  <0.001 0.001 6 4.8 41 <0.001 0.961 
Muscle As <0.001 <0.001 6 35.870 <0.001 1.000 
Muscle Cd <0.001 <0.001 6 9.182 <0.001 1.000 
Muscle Co <0.001 <0.001 6 7.902 <0.001 1.000 
Muscle Cr <0.001 <0.001 6 11.014 <0.001 1.000 
Muscle Cu <0.001 0.027 6 3.971 0.002 0.887 
Muscle Fe <0.001 <0.001 6 21.037 <0.001 1.000 
Muscle Mn <0.001 0.066 6 1.932 0.086 0.343 
Muscle Pb <0.001 <0.001 6 8.874 <0.001 1.000 
Muscle Zn <0.001 <0.001 6 48.256 <0.001 1.000 
Stomach Al  <0.001 0.723 6 0.746 0.614 0.050 
Stomach As <0.001 <0.001 6 23.483 <0.001 1.000 
Stomach Cd <0.001 0.171 6 2.758 0.018 0.626 
Stomach Co <0.001 0.059 6 9.801 <0.001 1.000 
Stomach Cr <0.001 0.043 6 14.600 <0.001 1.000 
Stomach Cu <0.001 0.010 6 6.351 <0.001 0.995 
Stomach Fe <0.001 0.319 6 33.254 <0.001 1.000 
Stomach Mn <0.001 0.378 6 1.040 0.407 0.058 
Stomach Pb <0.001 0.094 6 1.990 0.078 0.362 
Stomach Zn <0.001 0.524 6 7.290 <0.001 0.999 
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Table 5.9.  Summary of results of multi-comparison between sites using the Tukey test to 
determine for which metal in a specific tissue type sampling sites were significantly different 
from each other (the numbers in brackets indicate for which site the differences were 
recorded if more than one sampling site comparison were combined). 
Sites 
compared 
Al  Cr Mn Fe Co Cu Zn As C d Pb 
1 and 2 Gills  Vertebrae Stomach 
 Stomach Muscle 
Stomach 
 Muscle 
Stomach 
Gills 
Stomach 
Liver 
Muscle 
Muscle 
1 and 3 
Gills  Gills  
Muscle 
Stomach 
 Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
1 and 4 
Gills  Muscle 
Stomach 
 Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Liver 
Muscle 
1 and 5 
Gills  Muscle 
Stomach 
 Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Muscle 
1 and 6 
Gills  Gills  
Muscle 
Stomach 
 Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
1 and 7 
Gills  Gills  
Muscle 
Stomach 
Vertebrae Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
Liver 
Muscle 
2 and 3 
Vertebrae 
Gills  
Liver 
Muscle 
Vertebrae 
Gills  
Muscle 
Stomach 
 Vertebrae 
Gills 
Liver 
Muscle 
Gills 
Liver 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Muscle 
Muscle 
2 and 4 
Vertebrae 
Liver 
Muscle 
Vertebrae 
Gills  
Liver 
Muscle 
 Vertebrae 
Gills 
Liver 
Muscle 
Liver Vertebrae 
Gills 
Liver 
Vertebrae 
Gills 
Liver 
Muscle 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
 
2 and 5 
Vertebrae 
Liver 
Muscle 
Vertebrae 
Gills  
Muscle 
 Vertebrae 
Gills 
Liver 
Muscle 
Liver Vertebrae 
Gills 
Liver 
Vertebrae 
Gills 
Liver 
Muscle 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Liver 
Muscle 
 
2 and 6 
Vertebrae 
Gills  
Liver 
Muscle 
Vertebrae 
Gills  
Muscle 
Stomach 
 Vertebrae 
Gills 
Liver 
Muscle 
Liver Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Muscle 
 
2 and 7 
Vertebrae 
Liver 
Muscle 
Vertebrae 
Gills  
Muscle 
Stomach 
Vertebrae Vertebrae 
Gills 
Liver 
Muscle 
Liver Vertebrae 
Gills 
Liver 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Vertebrae 
Gills 
Liver 
Muscle 
Stomach 
Gills 
Liver 
Muscle 
 
3 and 4     Stomach      
7 and 5, 6 Gills (6)  Vertebrae 
Liver (6) 
       
7 and 3, 4 
  Vertebrae 
Gills (4)  
Liver 
 Stomach 
(4) 
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4.1.3.  Cadmium. 
Sampling Site 2 had the highest Cd concentration in both vertebrae and muscle tissue from all seven 
sampling sites (Table 5.7).  Single factor ANOVA (Table 5.8) revealed that the seven sampling sites 
were significantly different in the Cd concentration in vertebrae and muscle (P < 0.001). Tukey test 
revealed that there was a significant difference between Cd concentration between sampling Site 2 
and sampling Sites 3, 4, 5, 6 & 7 in muscle tissue (P < 0.001, Appendix 5.1 and Table 5.9).  Cd 
concentration in muscle tissue from sampling Site 1 was also significantly different from sampling 
Sites 2, 3, 4, 5, 6 & 7 (P < 0.05, Appendix 5.1 and Table 5.9).  No other differences between Cd 
concentrations were recorded for muscle tissue for any of the other sampling sites (P > 0.05, 
Appendix 5.1 and Table 5.9).  No significant differences in Cd concentration were recorded 
between any of the seven sampling sites recorded in vertebrae tissue (P > 0.05, Appendix 5.1 and 
Table 5.9) using the Tukey test.   
4.1.4.  Cobalt. 
Sampling Site 2 had the highest Co concentration in vertebrae and sampling Site 1 in muscle tissue 
(Table 5.7).  Single factor ANOVA (Table 5.8) revealed that the seven sampling sites were 
significantly different in the Co concentration in muscle tissue (P < 0.001) but not in vertebrae (P = 
0.053).  The Tukey test revealed that the significant differences were between Co concentration in 
muscle tissue between Site 1 and the other six sites (P < 0.001, Appendix 5.1 and Table 5.9).    No 
other differences between Co concentrations were recorded for muscle tissue for any of the other 
sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).  The results of the ANOVA were confirmed 
by the Tukey test that indicated no differences in the Co concentration in vertebrae for any of the 
sites (P > 0.05, Appendix 5.1 and Table 5.9). 
4.1.5.  Chromium. 
The highest Cr concentration in muscle tissue was recorded at sampling Site 1 and for vertebrae 
tissue it was at sampling Site 2 (Table 5.7).  Single factor ANOVA (Table 5.8) revealed that the 
seven sampling sites were significantly different in the Cr concentration in vertebrae and muscle (P 
< 0.001).  The Tukey test indicated that the significant differences were between sampling Sites 1 
(P < 0.001, Appendix 5.1 and Table 5.9) & 2 (P < 0.01, Appendix 5.1 and Table 5.9) and the other 
five sampling sites for muscle tissue, as well as between sampling Site 2 and sampling Sites 1, 3, 4, 
5, 6 & 7 in vertebrae tissue (P < 0.001, Appendix 5.1 and Table 5.9).  No other differences between 
Cr concentrations were recorded for vertebrae or muscle tissue for any of the other sampling sites (P 
> 0.05, Appendix 5.1 and Table 5.9). 
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4.1.6.  Copper. 
Cu concentration was the highest at Site 2 for vertebrae and at Site 1 for muscle (Table 5.7).  Single 
factor ANOVA (Table 5.8) revealed that the seven sampling sites were significantly different in the 
Cu concentration in vertebrae and muscle (P = 0.002).  The Tukey test revealed that the significant 
differences were between sampling Sites 1 and 2 and sampling Sites 3, 4, 5, 6 & 7 in muscle tissue 
(P < 0.001, Appendix 5.1amd Table 5.9).  Sampling Site 2 was also significantly different in Cu 
concentration in vertebrae tissue from sampling Sites 3, 4, 5, 6 & 7 (P < 0.001, Appendix 5.1 and 
Table 5.9).  No other differences between Cu concentrations were recorded for vertebrae or muscle 
tissue for any of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9). 
4.1.7.  Iron. 
The highest Fe concentrations were recorded at sampling Site 1 for muscle tissue and at sampling 
Site 2 for vertebrae (Table 5.7). Single factor ANOVA (Table 5.8) revealed that there were 
differences between the seven sampling sites in the Fe concentration in vertebrae and muscle (P < 
0.001).  Tukey test revealed these differences to be between sampling Sites 1 and 2 and the other 
five sampling sites in both the tissue types (P < 0.001, Appendix 5.1 and Table 5.9) but not from 
each other (P > 0.05, Appendix 5.1 and Table 5.9).  No other differences between Fe concentrations 
were recorded for vertebrae or muscle tissue for any of the other sampling sites (P > 0.05, Appendix 
5.1 and Table 5.9). 
4.1.8.  Manganese. 
For Mn the highest concentration were found at sampling Site 7 in vertebrae and muscle tissue 
(Table 5.7).  Single factor ANOVA (Table 5.8) revealed that the seven sampling sites were 
significantly different in the Al concentration in vertebrae (P < 0.001) but not in muscle tissue (P = 
0.086). The Tukey test indicated that the differences in vertebrae were between sampling Site 7 and 
the other six sampling sites (P < 0.05, Appendix 5.1 and Table 5.9).  No other differences between 
Mn concentrations were recorded for vertebrae samples between any of the other sampling sites (P 
> 0.05, Appendix 5.1 and Table 5.9).  The results of the ANOVA were confirmed by the Tukey test 
that indicated no differences in the Mn concentration in muscle for any of th e sites (P > 0.05, 
Appendix 5.1 and Table 5.9). 
4.1.9.  Lead. 
Pb concentration at sampling Site 1 was the highest in muscle tissue and at sampling Site 2 for 
vertebrae (Table 5.7).  Single factor ANOVA (Table 5.8) revealed that there were differences 
between the seven sampling sites in the Pb concentration in muscle tissue (P < 0.001) but not in 
vertebrae (P = 0.509).  The Tukey test indicated that the differences in Pb concentration were 
between sampling Site 1 and sampling Sites 2, 3, 4, 5, 6  & 7 for muscle tissue (P < 0.001, 
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Appendix 5.1 and Table 5.9).  No other differences between Pb concentrations were recorded for 
muscle tissue for any of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).  The 
results of the ANOVA were confirmed by the Tukey test that indicated no differences in the Pb 
concentration in vertebrae for any of the sites (P > 0.05, Appendix 5.1 and Table 5.9). 
4.1.10.  Zinc.  
The highest Zn concentrations were recorded at sampling Site 1 for both muscle and vertebrae 
tissue (Table 5.7).  Single factor ANOVA (Table 5.8) revealed that there were differences between 
the seven sampling sites in the Zn concentration in vertebrae and muscle (P < 0.001).  The Tukey 
test revealed these differences to be between sampling Sites 1 and 2 and sampling Sites 3, 4, 5, 6 & 
7 in muscle tissue and in vertebrae (P < 0.001, Appendix 5.1 and Table 5.9).  No other differences 
between Zn concentrations were recorded for vertebrae or muscle tissue for any of the other 
sampling sites (P > 0.05, Appendix 5.1 and Table 5.9). 
4.2.  Detoxification tissue types - liver.  
The liver is associated with the detoxification of metals (Carvalho, Pereira and Brito 2002) by either 
synthesizing metallothioneins (Webb, 1979) or by accumulating metals in lysosomes and excreting 
them via pinocytosis (Fowler, Carmichael, Squibb and Engel, 1981).  
4.2.1.  Aluminium. 
Sampling Site 2 had the highest Al concentration in liver tissue (Table 5.7).  Single factor ANOVA 
(Table 5.8) revealed that there were differences between the seven sampling sites in the Al 
concentration in liver tissue (P < 0.001).  The Tukey test revealed these differences to be between 
the Al concentration in liver to be between sampling Site 2 and sampling Sites 3, 4, 5, 6 & 7 (P < 
0.05, Appendix 5.1 Table 5.9).  No other differences between Al concentrations were recorded for 
liver tissue for any of the other sampling sites (P > 0.05, Appendix 6.1 and Table 5.9). 
4.2.2.  Arsenic. 
The highest As concentration in liver was determined at sampling Site 2 (Table 5.7).  Single factor 
ANOVA (Table 5.8) revealed that there were differences between the seven sampling sites in the 
As concentration in liver (P < 0.001).  As concentration in livers collected at sampling Sites 1 and 2 
were not significantly different from each other (Tukey test, P > 0.05, Appendix 6.1 and Table 5.9) 
but they were significantly different from the other five sampling sites (Tukey test, P < 0.001, 
Appendix 5.1 and Table 5.9).  No other differences between As concentrations were recorded for 
liver tissue for any of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).   
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4.2.3.  Cadmium. 
Sampling Site 1 had the highest Cd concentration in liver (Table 5.7).  Single factor ANOVA 
(Table 5.8) revealed that there were differences between the seven sampling sites in the Cd 
concentration in liver (P < 0.001).  Tukey test revealed that the differences in the Cd concentration 
in livers were between sampling Sites 1 and 2 (P < 0.001, Appendix 5.1 and Table 5.9); sampling 
Site 1 was also significantly different from the other six sampling sites (P < 0.001, Appendix 5.1 
and Table 5.9).  There were also significant differences between sampling Site 2 and sampling Sites 
3, 4, 5, 6 & 7. No other differences between Cd concentrations were recorded for liver tissue for any 
of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9). 
4.2.4.  Cobalt. 
Co concentration at liver at sampling Site 1 was the highest (Table 5.7).  Single factor ANOVA 
(Table 5.8) revealed that there were differences between the seven sampling sites in the Co 
concentration in liver (P < 0.001).  Tukey test revealed differences in the Co concentration in livers 
between sampling Sites 1 and 2 and the other six sampling sites (P < 0.001, Appendix 5.1 and Table 
5.9).  Sampling Sites 1 and 2 were not significantly different from each other regarding Co 
concentration in liver tissue (P > 0.05, Appendix 5.1 and Table 5.9).  No other differences between 
Co concentrations were recorded for liver tissue for any of the other sampling sit es (P > 0.05, 
Appendix 5.1 and Table 5.9). 
4.2.5.  Chromium. 
The highest Cr concentration in liver was recorded at sampling Site 2 (Table 5.7).  Single factor 
ANOVA (Table 5.8) revealed that there were differences between the seven sampling sites in the Cr 
concentration in liver (P = 0.002).  Tukey test revealed that there was only 1 difference in the Cr 
concentration in livers from the seven sampling sites and that it was between sampling Sites 2 & 4 
(P < 0.001, Appendix 5.1 and Table 5.9).  No other differences between Cr concentrations were 
recorded for liver tissue for any of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9). 
4.2.6.  Copper. 
The highest Cu concentration in liver was recorded at sampling Site 2 (Table 5.7).  Single factor 
ANOVA (Table 5.8) revealed that there were differences between the seven sampling sites in the 
Cu concentration in liver (P < 0.001).  Tukey test revealed that the differences were in the Cu 
concentration in livers between sampling Sites 1 and 2 and the other six sampling sites (P < 0.01, 
Appendix 5.1 and Table 5.9).  Sampling Sites 1 and 2 were not significantly different from each 
other regarding copper concentration in shark liver (P > 0.05, Appendix 5.1 and Table 5.9).  No 
other differences between Cu con centrations were recorded for liver tissue for any of the other 
sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).   
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4.2.7.  Iron. 
Sampling Site 1 had the highest Fe concentration in liver tissue (Table 5.7).  Single factor ANOVA 
(Table 5.8) revealed that there were differences between the seven sampling sites in the Fe 
concentration in liver (P < 0.001).  Tukey test revealed that the differences were in the Fe 
concentration in livers between sampling Sites 1 and 2 and the other six sampling sites (P < 0.001, 
Appendix 5.1 and Table 5.9).  Sampling Sites 1 and 2 were not significantly different from each 
other regarding Fe concentration in shark liver (P > 0.05, Appendix 5.1 and Table 5.9).  No other 
differences between Fe concentrations were recorded for liver tissue for any of the other sampling 
sites (P > 0.05, Appendix 5.1 and Table 5.9).   
4.2.8.  Manganese. 
The highest Mn concentration in liver tissue was recorded at sampling Site 7 (Table 5.7).  Single 
factor ANOVA (Table 5.8) revealed that there were differences between the seven sampling sites in 
the Mn concentration in liver (P < 0.001).  Tukey test revealed that the differences in Mn 
concentration in livers were between sampling Site 7 & sampling Sites 3, 4 & 6 (P < 0.01, 
Appendix 5.1 and Table 5.9).  No other differences between Mn concentrations were recorded for 
liver tissue for any of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).   
4.2.9.  Lead. 
The average Pb concentration was the highest in liver tissue at sampling Site 1 (Table 5.7).  Single 
factor ANOVA (Table 5.8) revealed that there were differences between the seven sampling sites in 
the Pb concentration in liver (P = 0.014).  Tukey test revealed that the differences were in the Pb 
concentration in livers between sampling Site 1 and sampling Sites 2, 4, 6, & 7 (P < 0.05, Appendix 
5.1 and Table 5.9).  No other differences between Pb concentrations were recorded for liver tissue 
for any of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).   
4.2.10.  Zinc.  
Sampling Site 1 had the highest average Zn concentration in liver tissue (Table 5.1).  Single factor 
ANOVA (Table 5.8) revealed that there were differences between the seven sampling sites in the 
Zn concentration in liver (P < 0.001).  Tukey test revealed that the differences in Zn concentration 
in livers were between sampling Sites 1 and 2 and the other six sampling sites (P < 0.01, Appendix 
5.1 and Table 5.9).  Sampling Sites 1 and 2 were not significantly different from each other 
regarding Zn concentration in liver (P > 0.05, Appendix 5.1 and Table 5.9).  No other differences 
between Zn concentrations were recorded for liver tissue for any of the other sampling sites (P > 
0.05, Appendix 5.1 and Table 5.9).   
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4.3.  Tissue types indicative of environmental metal concentrations.  
As gills are the main accumulation sites for metals from water the concentration of metals in gills 
will give a good indication of the concentrations of metals in water (Robinson and Avenant-
Oldewage, 1997).  Stomach content on the other hand will give an indication of the metal 
concentration in food lower down the food web and the concentration of metals that sharks are 
exposed to through the food web (indirect accumulation) (Dallinger, Prosi, Segner and Back, 1987).  
4.3.1.  Aluminium. 
Gill and stomach content samples from sampling Site 1 had the highest Al concentration (Table 
5.7).  Single factor ANOVA (Table 5.8) revealed that there were differences between the seven 
sampling sites in the Al concentration in gills (P < 0.001) but not in stomach content (P = 0.614).  
Tukey test revealed that the differences in Al concentration in gills were between sampling Site 1 
and sampling Sites 2, 3, 4, 5, 6 & 7 (P < 0.05, Appendix 5.1 and Table 5.9).  Al concentrations in 
gills from sampling Site 2 were significantly different from sampling Sites 3 & 6 (P < 0.001, 
Appendix 5.1 and Table 5.9). No other differences between Al concentrations were recorded for 
gills for any of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).  The results of the 
ANOVA were confirmed by the Tukey test that indicated no differences in the Al concentration in 
stomach content for any of the sites (P > 0.05, Appendix 5.1 and Table 5.9). 
4.3.2.  Arsenic. 
The highest As content in gills was at Site 2 and in stomach content at Site 1 (Table 5.7).  Single 
factor ANOVA (Table 5.8) revealed that there were differences between the seven sampling sites in 
As concentration in gills and in stomach content (P < 0.001).  Tukey test revealed that the 
differences in As concentration in gills were between sampling Sites 1 and 2 and the other six 
sampling sites (P < 0.001, Appendix 5.1 and Table 5.9).  Sampling Sites 1 and 2 were not 
significantly different from each other concerning the As concentration in gills (P > 0.05, Appendix 
5.1 and Table 5.9).  No other differences between As concentrations were recorded for gills for any 
of the other sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).  Sampling Site 1 was 
significantly different from sampling Site 2 for As concentration in stomach content (P < 0.05, 
Appendix 5.1 and Table 5.9).  As concentration in stomach content from sampling Sites 1 and 2 
were also significantly different from the As concentration in the stomach content for the other five 
sampling sites (P < 0.001, Appendix 5.1 and Table 5.9).  No other differences between As 
concentrations were recorded for stomach content for any of the other sampling sites (P > 0.05, 
Appendix 5.1 and Table 5.9). 
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4.3.3.  Cadmium. 
Sampling Site 1 had the highest Cd concentration in stomach content while sampling Site 2 had the 
highest Cd content in gills (Table 5.7).  Single factor ANOVA (Table 5.8) revealed that there were 
differences between the seven sampling sites in Cd concentration in gills (P < 0.001) and in 
stomach content (P = 0.018).  Tukey test revealed that the differences in Cd concentration in gills 
were between sampling Site 1 & sampling Site 3 (P < 0.05, Appendix 5.1 and Table 5.9), as well as 
between sampling Site 2 and sampling Sites 3, 6 & 7 (P < 0.01, Appendix 5.1 and Table 5.9).  Cd 
concentration in stomach content was significant different between sampling Site 1 & sampling Site 
2 (P < 0.05, Appendix 5.1 and Table 5.9) and between sampling Sites 1 and 2 and the other five 
sampling sites (P < 0.001, Appendix 5.1 and Table 5.7).  No other differences in the Cd 
concentration in gills and stomach content between sites were observed (P > 0.05, Appendix 5.1 
and Table 5.9). 
4.3.4.  Cobalt. 
The highest Co concentration in stomach content was at sampling Site 1 while for gills it was at Site 
2 (Table 5.7).  Single factor ANOVA (Table 5.8) revealed that there were differences between the 
seven sampling sites in Cd concentration in gills (P = 0.003) and in stomach content (P < 0.001).  
Tukey test revealed that the differences in Co concentration in gills were between sampling Sites 2 
& 3 (P < 0.01, Appendix 5.1 and Table 5.9).  Co concentration in stomach content were 
significantly different between sampling Site 1 & Sampling Sites 2, 3, 4, 5, 6 & 7 (P < 0.01, 
Appendix 5.1 and Table 5.9) and between sampling Sites 4 & 7 (P < 0.01, Appendix 5.1 and Table 
5.7).  No other differences in the Co concentration in gills and stomach content between sites were 
observed (P > 0.05, Appendix 5.1 and Table 5.9). 
4.3.5.  Chromium. 
Sampling Site 2 had the highest Cr concentration in gills while sampling Site 1 had the highest 
concentration in stomach content (Table 5.7). Single factor ANOVA (Table 5.8) revealed that there 
were differences between the seven sampling sites in Cr concentration in gills (P = 0.013) and in 
stomach content (P < 0.001).  Tukey test revealed that the differences in Cr concentration in gills 
were between sampling Site 1 & sampling Sites 3, 6 & 7 (P < 0.05, Appendix 5.1 and Table 5.9).  
Cr concentration in stomach content were significantly different between sampling Site 2 & 
Sampling Sites 3, 4, 5, 6 & 7 (P < 0.05, Appendix 5.1 and Table 5.9).  No other differences in the 
Cr concentration in gills and stomach content between sites were observed (P > 0.05, Appendix 5.1 
and Table 5.9). 
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4.3.6.  Copper. 
Sampling Site 1 had the highest Cu concentration in both stomach content and gills (Table 5.7).  
Single factor ANOVA (Table 5.8) revealed that there were differences between the seven sampling 
sites in Cu concentration in  both gills and stomach content (P < 0.001).  Tukey test indicated that 
the differences in Cu concentration in gills were between sampling Sites 1 and 2 and the other five 
sampling sites (P < 0.01, Appendix 5.1 and Table 5.9).  Sampling Sites 1 and 2 was not 
significantly different from each other concerning the Cu concentration in gills (P > 0.05, Appendix 
5.1 and Table 5.9). Cu concentration in stomach content were significantly different between 
sampling Site 1 and sampling Sites 3, 6 & 7 (P < 0.05, Appendix 5.1 and Table 5.9) and between 
sampling Site 2 and sampling Sites 3, 6, & 7 (P < 0.01, Appendix 5.1 and Table 5.7).  No other 
differences in the Cu concentration in gills and stomach content between sites were observed (P > 
0.05, Appendix 5.1 and Table 5.9). 
4.3.7.  Iron. 
The highest Fe concentrations in the stomach content were recorded at sampling Site 1 and in gills 
at sampling Site 2 (Table 5.7).  Single factor ANOVA (Table 5.8) revealed that there were 
differences between the seven sampling sites in Fe concentration in gills (P < 0.001) and in stomach 
content (P < 0.001).  Tukey test revealed that the differences in Fe concentration in gills were 
between sampling Sites 1 and 2 and the other five sampling sites (P < 0.01, Appendix 5.1 and Table 
5.9) . Sampling Sites 1 and 2 were not significantly different from each other concerning the Fe 
concentration in gills (P > 0.05, Appendix 5.1 and Table 5.9).   Fe concentrations in stomach 
content were significantly different between sampling Site 1 & Sampling Sites 2, 3, 4, 5, 6 & 7 (P < 
0.001, Appendix 5.1 and Table 5.9).  No other differences in the Fe concentration in gills and 
stomach content between sites were observed (P > 0.05, Appendix 5.1 and Table 5.9). 
4.3.8.  Manganese. 
Sampling Site 7 had the hig hest Mn concentration in gills and in stomach content followed by 
sampling Site 5 (gills) and sampling Site 4 (stomach content) (Table 5.7).  Single factor ANOVA 
(Table 5.8) revealed that there were differences between the seven sampling sites in Mn 
concen tration in gills (P = 0.003) but not in stomach content (P = 0.407).  Tukey test revealed that 
the differences in Mn concentration in gills were between sampling Site 7 & sampling Sites 3 & 5 
(P < 0.05, Appendix 5.1 and Table 5.9).  No other differences in  the Mn concentration in gills 
between sites were observed (P > 0.05, Appendix 5.1 and Table 5.9).  The results of the ANOVA 
were confirmed by the Tukey test that indicated no difference in the Mn concentration in stomach 
content between sampling sites (P > 0.05, Appendix 5.1 and Table 5.9). 
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4.3.9.  Lead. 
Sampling Site 5 had the highest Pb concentration in gills and sampling Site 1 in stomach content 
(Table 5.7).  Though the single factor ANOVA (Table 5.8) indicated that the sampling sites were 
different in the Pb concentration in gills (P = 0.011) and in stomach content (P < 0.001).  The Tukey 
test revealed that there were no differences in Pb concentration in gills or in stomach content 
between the sampling sites (P > 0.05, Appendix 5.1 and Table 5.9).  This may be due to the data not 
being normally distributed (P < 0.001, Table 5.8).  The power of the performed ANOVA test was 
also below the desired point of 0.8 (Table 5.8) and should be interpreted with causation as seen 
form the results of the Tukey test (Table 5.9)   
4.3.10.  Zinc.  
Sampling Site 1 had the highest Zn concentration in both gills and stomach content (Table 5.7).  
Single factor ANOVA (Table 5.8) revealed that there were differences between the seven sampling 
sites in Zn concentration in gills  (P < 0.001) and in stomach content (P < 0.001).  Tukey test 
revealed that the differences in Zn concentration in gills were between sampling Sites 2 & 3 and the 
other five sampling sites (P < 0.001, Appendix 5.1 and Table 5.9).  Sampling Sites 1 and 2 was not 
significantly different from each other concerning the Zn concentration in gills (P > 0.05, Appendix 
5.1 and Table 5.9). Zn concentration in stomach content were significantly different between 
sampling Site 1 and Sampling Sites 2, 3, 4, 5, 6 & 7 (P < 0.05, Appendix 5.1 and Table 5.9) and 
between sampling Sites 2 & 7 (P < 0.05, Appendix 5.1 and Table 5.9).  No other differences in the 
Zn concentration in gills and stomach content between sites were observed (P > 0.05, Appendix 5.1 
and Table 5.9). 
 
5.  Discussion of the metal concentration in different tissue types and stomach content of S. 
megalops from the seven sampling sites. 
5.1.  Mean metal concentrations in tissues at the seven sampling sites. 
For most of the metals tested the concentrations in the tissue samples from S. megalops from Algoa 
Bay and St. Francis Bay occurred in considerably higher concentrations (Table 5.2) with 
concentration of up to 4.6 times higher than recorded at some of the other sampling sites.  Watling 
and Watling (1982a) als o reported higher levels of metals in mussels from Algoa Bay than in the 
samples from other sites along the coast that were studied (Watling and Watling, 1983).  Their 
results indicated lower levels of metals in St. Francis Bay than in Algoa Bay though.  This is 
attributed to the fact that Algoa Bay is subjected to more pollution inputs than the other areas due to 
pollution discharges from rivers such as the Papenkuils and Swartkops Rivers.  As to why the 
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concentrations of the metals in the sharks in St. Francis Bay is also high one can only speculate that 
there must be some sort of movement or migration of this species between the two bay areas or that 
there is very little difference in the metal concentration in the food that they consume.  The 
concentrations of metals in prey, in the sediment (see Section 5.2.1.3) as well as the health, 
reproduction status and size of the sharks might also influence the accumulation of metals, and thus 
the metal concentrations in tissues (Robinson and Avenant-Oldewage, 1997). 
The high Mn concentrations in vertebrae, gills, liver and muscle of sharks caught at sampling Site 7 
(Cape Agulhas) might be indicative of chronic exposure to low levels of Mn resulting in the 
accumulation of the metal (Heath, 1987).  As the average Mn concentration in gill tissue was high 
(33.249 ppm dry weight) when compared to the Mn concentration in stomach content (9.167 ppm) 
it may indicate that the water at sampling Site 7 is the main source of Mn available for absorption.  
As the Mn concentratio n in water were below the detection limit of the analysis method (0.2 ppm) 
the high concentrations that were recorded in the stomach content and gills may be due to chronic 
Mn exposure.  Another factor that may have influenced the concentration of metals in S. megalops 
tissues between the sampling sites is the age of sharks caught at each site.  Older animals may have 
higher concentrations of metals than juveniles and as seen in Table 5.5 there were differences in 
sizes of sharks caught at the different sampling sites.  There were also a difference in the numbers 
of males and females and as they have different growth rates they may have accumulated different 
concentrations of metals (Adams and McMichael, 1999, Lyle, 1984, Watson, 1997).  The effect that 
size (length and weight) has on metal concentration in S. megalops will be discussed in Chapter 8.  
Males and females may also have different accumulation rates and this will also be discussed in 
Chapter 7. 
5.2.  Statistical differences in metal concentration in S. megalops between the seven sampling 
sites. 
In this Section explanation for the differences in metal concentration between sites will be 
discussed.  As sampling Sites 1 and 2 usually had the highest concentrations they will be discussed 
separately. 
5.2.1.  Differences between sampling Sites 1 and 2.  
The statistical differences that were recorded between these two sampling sites (Table 5.8 and 
Appendix 5.1) are summarised in Table 5.10 to illustrate which of the two had the highest 
concentration when they were significantly different.  Though these two sampling sites will be 
discussed according to the tissue types, it is important to remember that synergism and antagonistic 
effects can alter the toxicological tolerance of animals to certain metals.  Together with chronic 
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exposure to low levels of metals, synergism and antagonism would greatly influence the 
concentration of metals in the different tissue types (Prosi, 1981). 
Table 5.10.  Summary of the differences in metal concentration in specific tissue types 
between sampling Sites 1 and 2. 
Tissue associated with water Storage type tissues Liver 
Metal Tissue 
Site with 
highest 
concentration 
Metal Tissue 
Site with 
highest 
concentration 
Metal 
Site with 
highest 
concentration 
Al Gills 1 Cr Vertebrae 2 Cd 1 
Cr Stomach 1 Co Muscle 1   
Fe Stomach 1 Zn Muscle 1   
Zn Stomach 1 Cd Muscle 2   
As Stomach 1 Pb Muscle 1   
As Gills 2      
Co Stomach 1      
 
5.2.1.1.  Tissues associated with the storage of metals. 
The sharks in Algoa Bay had accumulated significantly higher concentrations of Cr, Fe, Cu and Pb 
than the sharks caught in St. Francis Bay.  It was only for As in muscle tissue that St. Francis Bay 
had accumulated higher concentration than the sharks in Algoa Bay.  As the metal levels would 
have been influenced by growth, reproduction, nutrition and sediment, to name but a few, it would 
indicate that during their life these two groups were exposed to different levels of metals from food 
and water (Robinson and Avenant-Oldewage, 1997).  Once again more studies need to be done to 
determine the home range of this species to establish if they move between bays, what the preferred 
prey species are, and if the diet of a specific shark species is different for each bay area.  
5.2.1.2.  Detoxification tissue types. 
Except for Cd in liver tissue (St. Francis Bay had the highest concentration and is significantly 
different to Site two) no difference between any other metals were detected.  As the liver is one of 
the main sites of detoxification (Carvalho, Pereira and Brito, 2002) it appears that the sharks caught 
at sampling Site 1 are regulating the Cd concentration.  This regulation of Cd may occur by the Cd 
forming complexes with metal binding proteins such as metallothionein in the liver (Overnell and 
Coombs, 1979). 
5.2.1.3.  Tissues associated with accumulation of metals from water. 
Table 5.9 indicate that the gills from S. megalops collected at sampling Site 1 (St. Francis Bay) had 
a higher concentration of Al in their gill tissue than the sharks caught at the other five sampling sites 
and this may be due to the direct accumulation of metals by the gill tissue from the surrounding 
water (Crespo et al., 1979).  As the surface waters tested for this study indicated that all the metal 
concentrations were below the detection limit (see Chapter 4) the data reported by Watling and 
Watling (1982a) will be used to try to explain these results.  No data for Al in water along the South 
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African coast were found in the literature review, but sediment concentration in St. Francis Bay 
ranged from 700 to 10 000 ppm (Watling and Watling, 1982a), as the data were obtained from 
beach sand samples they may be applicable to concentrations found offshore as Gardner, Connell, 
Eagle, Moldan, Oliff, Orren and Watling (1983) found uniform metal gradient concentrations from 
the beaches in Algoa Bay to deeper offshore sediments and this may be applicable to St. Francis 
Bay as well.  The only data found on Al concentration in Algoa Bay (4000 to 28 000 ppm) were 
from the mouth of the Swartkops River and due to the pollution associated with it, it might not be a 
good indicator of the Al concentration in the rest of the Bay area (Watling and Watling, 1982b).  Cu 
concentrations were reported to be higher in surface water from Algoa Bay (2.2±2.7 ppm) than in 
St. Francis Bay (1.3±0.3 ppm) but when comparing the sediment Cu concentrations in St. Francis 
Bay (2.4±1.7 ppm) with those recorded in Algoa Bay (1.8±0.7 ppm) the concentration in St. Francis 
Bay proved to be higher (Watling and Watling, 1983). 
As there is a continuous flux between metals in sediment and the overlying water column due to 
redox/oxidation reactions, to name but one, S. megalops residing in St. Francis Bay may be exposed 
to higher concentrations of Cu than the sharks in Algoa Bay (Luoma, 1990).  This is especially 
important for S. megalops as they occur on or near the bottom and as such they may accumulate 
higher Cu concentrations in their gills (Compagno, 1984).  
5.2.1.4.  Metal concentration in stomach content: biomagnification. 
Results (Table 5.7) indicated higher concentration of Mn, Zn, Cd, Cu and Pb in the stomach content 
of S. megalops in St. Francis Bay.  These metal concentrations in stomach content are dependant on 
the species eaten, the locality of the eaten prey and the life history of the preyed individuals.  Thus 
the metals accumulated by S. megalops could come from several sources as it has a varied diet 
consisting of squid, small fish and crustaceans (Compagno, 1984).   
The prey species of S. megalops differ in their locality in the sea.  Some of these prey species are 
bottom dwelling, while others are pelagic.  Bottom dwelling prey species thus may have different 
metal concentrations to pelagic species due to the higher metal content in sediment (Dallinger and 
Kautzky, 1985).  Depending on the prey species consumed the metal concentration in the stomach 
content of S. megalops from the two sampling sites might be different.  It is thus important to 
identify whether the sharks caught at these two sampling sites are from two populations inhabiting 
each of the two bays and if there are limited or no mixing of two shark populations in each of the 
bays.  By using radio-telemetric studies the home ranges, migration routes or daily activity patterns 
of S. megalops may be determined.  A study into to the stomach content of S. megalops caught in 
Algoa Bay with sharks caught in St. Francis Bay will indicate if the preferred prey species differ 
from one sampling site to the next as it may influence the concentration of metals in sharks.  Metal 
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accumulation rates and tissue concentrations in samples from the two sampling sites may also be 
different  (Marcovecchio et al., 1991). 
5.2.2.  Statistical differences between other sampling sites. 
The differences between the other five sampling sites seem to be arbitrary and not related to the 
concentration of metals in the water.   
Honda, Tatsukawa, Itano, Miyazaki & Fujiyama 1983 mention five factors that affect metal 
concentrations namely (1) factors relating to the metals (species or concentration), (2) factors 
inherent to the host (species, sex, age), (3) acquired host factors (health, nutrient), (4) concurrent 
events (other metal exposures) and (5) environmental factors (geography, habitat substrate).  Some 
of these will be discussed in the fo llowing paragraphs. 
As mentioned, intra specific differences in metal concentration may be related to size, sex, health 
and especially diet (Watling and Watling, 1982a, Marcovecchio et al., 1991, Stewart, Phillips, Catry 
and Furness, 1997).  This seems to be the case as for most of the study sites literature has shown no 
statistically important differences between the sampling sites (except Algoa Bay) and the South 
African coast is deemed unpolluted.  As can be seen in Table 5.1 there were some differences in the 
maturity and sizes of the sharks caught at the seven sampling sites, there were also differences in 
the sex ratios with no males caught at Site 5.   See Chapter 7 for differences in metal concentration 
in males and females. 
Oxygen and temperature are two important factors in metal chemistry, not only do they affect the 
metal species and availability through redox reactions (Langston, 1990 & Sadiq, 1992), it also 
influences the metabolic process of organisms (Prosi, 1981). 
In terms of oxygen content marine waters can be classified into oxic (high oxygen content), anoxic 
(restricted oxygen but many reduced species), while suboxic conditions range in the middle 
between oxic and anoxic.  Oxygen supply on the other hand is influenced by seawater temperature 
and salinity and may increase with a decrease in either of them but will increase with an increase in 
pressure (Sadiq, 1992).  An example is iron, this metal has two oxidation states and in oxic water it 
may form ferrosic oxide, which precipitate and thus become unavailable for accumulation by 
marine organisms (Sadiq, 1992).  In anoxic marine waters the presence of bacteria may reduce the 
Fe to sedimentary sulphides by sulphate reduction.  The effect that oxygen has on the availability of 
metals differs from one metal to another (Sadiq, 1992). The oxygen content of the environment will 
also influence the availability and release of metals from sediment (Prosi, 1981).   
As to the effect of temperature and oxygen on the metabolic process of organisms the following 
may explain it better.  With an increase in temperature most animals will increase their metabolism 
and thus increase respiration (oxygen consumed) resulting in higher levels of metals being 
accumulated as greater quantities of water are passed over the gills (Prosi, 1981, Schmidt-Nielson, 
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1993).   
Last but not least is the effect that organic material has on the formation of metal complexes that 
may be more readily absorbed resulting in higher concentrations (Clark, 1992). No data on the 
organic content of the water were collected during the research trip but it is something that needs to 
be studied.  Also no pH measurements were collected due to broken equipment but pH also has an 
effect on metal availability thus is another factor that need to be studied (Prosi, 1981). 
As can be seen from Fig. 5.2A and Fig. 5.2B there were differences in the temperature and oxygen 
content of the seven sampling sites that would have influenced the concentration of available metal 
as well as the metabolism of the individuals caught at the seven sampling sites.  This might then 
explain the differences in the total metal concentration in the different tissue types between the 
sampling sites. 
 
The differences between the sharks caught at sampling Sites 1 and 2 and the other sampling sites 
seem to indicate that there are separate populations of Squalus megalops species with different life 
and exposure histories along the coast of South Africa.  More information should be gathered to 
determine if there are different populations (genetically), what their home ranges are and if they 
overlap.  Another study is to determine if the preferred prey of the different “population” are 
different or if it change from one site to another as this may influence the bioaccumulation of 
metals.  Other areas of interest for further study are the organic content as well as the pH of the 
water from the study area. 
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Chapter 6.  Metal concentrations in the tissues of Squalus megalops (Macleay 
1881) and Mustelus mustelus (Linnaeus 1758) caught in St. Francis Bay, South 
Africa. 
 
 
1.  Introduction. 
Shark species are different in their life history strategies and behaviour (Compagno, 1984).  In the 
course of this study three species of sharks, Squalus megalops, Mustelus palumbes  and Mustelus 
mustelus were collected at sampling Site 1.  These three species are different in their physiology 
(e.g. gestation period), age at reproductive maturity and behaviour patterns (Compagno, 1984). 
These differences may affect the rate at which each species react to exposure to pollutants and metal 
concentrations as well as the rate at which they bioaccumulate heavy metals, for example, in their 
body tissue.  All three species are also suitable for human consumption and as such the metal 
concentration in their tissue is important especially if humans consume them (Compagno, 1984).   
M. palumbes is a common inshore and off shore species that are usually on or near the bottom at 
depths from the intertidal zone to 360 m depth (Compgano, 1984).  It is only found along the coas t 
of South Africa, southern Namibia and southern Mozambique.  M. mustelus occurs at depths from 5 
to 350 meters and though it may be found in the midwater it prefers the bottom (Compagno, 1984).  
It is distributed form the south coast of South Africa through the west coast of Africa to the 
Mediterranean.  S. megalops occur at depths of 50 to 732 meters along the west coast of Africa to 
the south coast of Mozambique and may segregate into schools of different sexes along the south 
coast of South Africa.  It also occurs in the western Pacific (Japan, Korea, China) and southern 
Australia (Victoria, Tasmania) (Compagno, 1984). 
The prey species of these three sharks are very similar.  They prey on crustaceans, cephalopods and 
bony fish.  S. megalops also consume other shark species, while M. palumbes consume polychaetes 
(Compagno, 1984, Smale and Compagno, 1997).  The males and females have different growth 
rates and attain different maximum sizes and this may also influence the metal concentration in the 
individuals (Smale and Compagno, 1997). 
The aim of this chapter is to determine if there are differences in the total metal content found in the 
different organs or tissue types of two of the shark species, S. megalops and M. mustelus caught at 
the first sampling site (St. Francis Bay) and to report the metal concentration in one individual of M. 
palumbes. 
 
2.  Materials and Methods. 
The sharks used in this investigation were caught on May 28, 2000 in the St. Francis Bay area near 
Jeffreys Bay (sampling Site 1), South Africa by the Norwegian research vessel Dr. Fridtjof Nansen 
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during a research cruise in conjunction with Marine and Coastal Management.  Sharks were caught 
using demersal trawls, weighed measured and immediately frozen.  In the laboratory sharks were 
defrosted and dissected on hexane-cleaned surfaces using hexane-cleaned equipment.  The 
following tissue types were collected: liver, gills, muscle, vertebrae, jaw, stomach content (S. 
megalops only), stomach lining (M. mustelus only), eye lens, spleen (S. megalops only) gonads 
(testes and ovaries if present), egg yolk (if present) and embryos (if present) and placed in 
polyethylene bags and frozen for digestion.  Digestion was accomplished using a mixture of 
concentrated nitric and perchloric acid.  See Chapter 4 for details concerning digestion and 
contamination prevention methods.  Only one digestion per tissue sample of an individual was 
conducted due to the expense involved and the resulting solution was read once on the ICP-MS.  
Metal concentration data (ppm) presented in this chapter will be in dry weight and the metals 
determined were aluminium (Al), arsenic (As), chromium (Cr), manganese (Mn), iron (Fe), cobalt 
(Co), copper (Cu), zinc (Zn), cadmium (Cd) and lead (Pb).  Tissue samples were collected from 
animals of different sizes and from different sexes (Table 6.2). Details of the sample size, length 
and sex of all the individual of M. mustelus and S. megalops are given in Chapter 4 and are 
summarised in Table 6.2.  
The T-Test in The SIGASTAT program was used to test for statistical differences between metal 
concentrations in the organs within and between the two species.   
 
3.  Results. 
Table 6.1 illustrates the differences in the growth rate and maturing sizes of the three species caught 
at sampling Site 1.  S. megalops is the smallest of the three and has the smallest maturing size.  M. 
mustelus is the biggest sized species of the three and also mature at a bigger size. 
Table 6.1.  Maturation sizes of the three shark species caught at sampling Site 1  (Compagno, 
1984, Smale and Compagno, 1997, Watson, 1997). M: males, F: females. 
 Mustelus mustelus Mustelus palumbes Squalus megalops 
Maximum size 145 cm (M); 165 cm (F) 100.8 cm (M); 112.6 cm (F) 71? (M); 78.2 cm (F)  
Maturing size (female) 125 – 140 cm 80 – 100 cm 53 – 57 cm 
Maturing size (male) 95 – 130 cm 75 – 85 cm 37 – 44.3 cm 
Birth size 39 cm 27.5 23.2 
 
M. mustelus was the most abundant species caught at sampling Site 1, with more males than 
females making up the catch (Table 6.2).  S. megalops contributed the second highest number of  
species but more females than males were caught (Table 6.2).  Only one male from M. palumbes 
were caught (Table 6.2) and though the metal concentration data are presented in the results section 
one sample is not a big enough sample size to make any meaningful deductions and are just 
included for interest sake and will thus not be included in the discussions.  Individuals of all three 
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species were deemed mature if gonads (testes and ovaries) were present; if no gonads were present 
they were identified as juveniles. 
Table 6.2.  The size ranges of males and females as well as the number of samples off all three 
species used in the investigation. (n) Number of samples.  
 
Total number samples 
Squalus megalops 
7 
Mustelus mustelus 
19 
Mustelus palumbes 
1 
Males  
Length (cm) 
Juvenile (n) 
Mature (n) 
Total number males 
 
46 
-- 
1 
(1)  
 
39 - 81 
12 
-- 
(12) 
 
83 
-- 
1 
(1) 
Females 
Length (cm) 
Juvenile (n) 
Mature (n) 
Total number females 
 
51 – 63 
-- 
6 (all pregnant) 
(6)  
 
35 - 60 
7 
-- 
(7)  
 
-- 
-- 
-- 
(0) 
 
Table 6.3 gives the averages and standard deviations of the metal concentrations in the different 
tissue types for the three species caught at Site 1.  Except for four exceptions: (1) Al in gills 
(30.6754 ppm, M. palumbes), (2) Zn in lens (19.2948 ppm, M. palumbes), (3) Cr in liver (0.9796 
ppm, M. palumbes) and (4) Al in muscle (41.142 ppm, M. mustelus), S. megalops had the highest 
concentration of metals in all the tissue types (Table 6.3).  The highest concentration of each metal 
in a specific tissue type between the three species is highlighted.  
The concentration range (lowest to highest concentration) of the metals in different tissue of S. 
megalops were as follows (Table 6.3): 
(1) Aluminium: 3.629 ppm in the spleen to 31.840 ppm in the muscle tissue,  
(2) Chromium: 0.243 ppm in the jaw to 2.438 ppm in the muscle tissue, 
(3) Manganese: 0.732 ppm in the spleen to 10.575 ppm in the muscle tissue, 
(4) Iron: 15.619 ppm in jaw to 328.512 ppm in muscle tissue,  
(5) Cobalt: 0.213 ppm in jaw to 2.595 ppm in the eye lens, 
(6) Copper: 0.606 ppm in vertebrae to 14.824 ppm in muscle tissue, 
(7) Zinc: 9.843 ppm in eye lens to 112.432 ppm in muscle tissue, 
(8) Arsenic: 16.413 ppm in eye lens to 99.399 ppm in gonads (only one sample), 
(9) Cadmium: 0.0715 ppm gonads (one sample only) to 5.243 ppm liver,  
(10) Lead: 0.6581 ppm in gonads to 11.862 ppm in muscle tissue 
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Table 6.3.  Averages and standard deviations of metal concentrations (ppm) in the various 
tissue samples of three shark species, S. megalops (S.m.), M. mustelus (M.m) and M. palumbes 
(M.p) caught at sampling Site 1.  Number of samples for M. p. are 1, N1: number of tissue 
samples for M. mustelus, N2: number of tissue samples for S. megalops. 
Tissue type Species  Al Cr Mn Fe Co Cu Zn As Cd Pb 
M. p.  5.7311 0.0085 0.1218 0.3909 0.0125 0.0302 1.6244 2.2859 0.0214 0.0233 
N1 18 18 18 18 18 18 18 18 18 18 
Avg 1.337 0.027 0.174 0.852 0.0277 0.032 2.516 4.504 0.045 0.055 M. m  
Std 0.136 0.028 0.070 0.548 0.0335 0.017 1.024 2.051 0.013 0.061 
N2 7 7 7 7 7 7 7 7 7 7 
Avg 21.433 0.346 5.852 18.835 0.306 0.606 36.480 48.599 0.312 2.081 V
er
te
br
ae
 
S. m 
Std 7.546 0.112 1.649 14.530 0.0564 0.203 7.702 17.308 0.150 2.493 
M. p   30.6754 0.0015 0.1085 15.3377 0.0136 0.1346 2.8147 2.2798 0.0010 0.0580 
N1 17 17 17 17 17 17 17 17 17 17 
Avg 1.863 0.031 0.100 13.553 0.041 0.123 3.348 4.625 0.059 0.092 M. m  
Std 2.025 0.038 0.078 7.086 0.044 0.040 1.098 1.885 0.089 0.083 
N2 7 7 7 7 7 7 7 7 7 7 
Avg 11.411 0.721 3.777 104.083 0.551 1.564 52.886 55.761 0.599 1.623 
G
il
ls
 
S. m 
Std 4.321 0.493 0.826 32.789 0.182 0.445 12.364 8.140 0.168 1.163 
M. p   0.0147 0.0119 0.0068 0.0024 0.0139 0.0069 0.0541 0.0484 0.0280 0.0021 
N2 1 1 1 1 1 1 1 1 1 1 
G
on
ad s 
S. m 
Avg 7.1318 0.3195 0.8174 49.5176 0.3500 2.7899 35.5452 99.3992 0.0715 0.6581 
N1 17 17 17 17 17 17 17 17 17 17 
Avg 2.092 0.029 0.180 2.960 0.040 0.036 3.602 3.602 0.062 0.049 M.  m 
Std 1.152 0.028 0.081 3.891 0.044 0.030 1.392 2.678 0.080 0.046 
N2 4 4 4 4 4 4 4 4 4 4 
Avg 18.159 0.243 4.554 15.619 0.213 0.719 42.186 30.482 0.223 0.671 
Ja
w
 
S. m 
Std 2.212 0.046 0.614 4.144 0.057 0.194 7.385 10.584 0.208 0.348 
M. p   1.1346 0.0385 0.0366 1.1415 0.0865 0.0127 19.2948 0.9573 0.1735 0.1115 
N1 17 17 17 17 17 17 17 17 17 17 
Avg 0.785 0.310 0.227 4.269 0.283 0.204 3.626 1.268 0.504 0.565 M. m  
Std 0.686 0.343 0.266 9.658 0.348 0.242 6.330 0.975 0.728 0.654 
N2 7 7 7 7 7 7 7 7 7 7 
Avg 9.848 2.400 1.360 18.305 2.595 2.222 9.843 16.413 2.125 11.245 
L
en
s 
S. m 
Std 5.034 1.959 2.096 17.370 1.983 2.133 5.308 6.030 1.761 18.259 
M. p   0.0778 0.9796  0.1004 17.8000 0.1564 0.2294 0.6704 4.6820 0.4434 0.0826 
N1 18 18 18 18 18 18 18 18 18 18 
Avg 1.527 0.175 0.282 46.237 0.057 2.561 4.360 15.029 0.582 0.193 M. m  
Std 1.930 0.277 0.133 34.601 0.015 4.321 2.379 12.610 0.522 0.1 44 
N2 6 6 6 6 6 6 6 6 6 6 
Avg 3.879 0.315 0.911 87.256 0.375 2.656 14.874 23.172 5.243 9.557 
L
iv
er
 
S. m 
Std 0.858 0.050 0.450 38.345 0.052 1.443 6.987 9.705 0.962 19.848 
M. p   1.5240 0.0104 0.0133 1.7730 0.0140 0.0292 0.1786 0.2814 0.0239 0.0747 
N1 17 17 17 17 17 17 17 17 17 17 
Avg 2.865 0.018 0.061 5.036 0.018 0.060 1.428 5.843 0.030 0.037 M. m  
Std 9.679 0.033 0.067 13.850 0.036 0.020 0.886 2.439 0.065 0.057 
N2 7 7 7 7 7 7 7 7 7 7 
Avg 3.629 0.689 0.732 16.473 0.668 0.668 17.374 71.918 0.518 1.601 
Sp
le
en
 
S. m 
Std 1.629 0.555 0.531 6.767 0.512 0.512 5.834 36.534 0.450 1.187 
M. p   0.4403 0.0412 0.0435 24.6495 0.0880 0.1948 5.2810 5.1097 0.0991 0.1664 
N1 19 19 19 19 19 19 19 19 19 19 
Avg 3.816 0.418 0.338 25.744 0.429 0.382 7.431 5.695 0.697 0.433 M. m  
Std 8.610 0.610 0.454 18.314 0.664 0.465 5.412 3.301 1.221 0.535 
N2 5 5 5 5 5 5 5 5 5 5 
Avg 12.158 2.033 0.748 209.208 2.292 1.983 45.979 60.412 1.948 6.742 
St
om
ac
h 
S. m 
Std 4.521 1.205 0.565 126.709 1.349 1.571 23.003 17.345 1.334 9.421 
M. p   0.9224 0.0101 0.0093 0.9551 0.0124 0.0208 0.1398 0.2582 0.0254 0.0789 
N1 14 17 17 14 14 14 14 14 14 14 
Avg 41.142 0.066 0.429 36.626 0.016 0.668 5.210 4.595 0.170 0.128 M. m  
Std 20.120 0.050 0.199 26.515 0.015 0.410 2.589 4.849 1.145 0.106 
N2 5 7 7 5 5 5 5 5 5 5 
Avg 31.840 2.438 10.575 328.512 2.585 14.824 112.432 45.468 3.959 11.862 
M
us
cl
e 
S. m 
Std 24.578 2.625 9.828 129.900 2.583 23.576 57.536 15.418 1.857 13.749 
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The concentration range (lowest to highest concentration) of the metals in the different tissues of M. 
mustelus were as follows (Table 6.3): 
(1) Aluminium: 0.785 ppm eye lens to 41.142 ppm muscle tissue, 
(2) Chromium:  0.018 ppm in spleen to 0.418 ppm in stomach lining, 
(3) Manganese: 0.061 ppm in spleen to 0.429 ppm in muscle tissue,  
(4) Iron: 0.852 ppm in vertebrae to 46.237 ppm in liver, 
(5) Cobalt: 0.016 ppm in muscle to 0.429 ppm in stomach lining, 
(6) Copper: 0.032 ppm in vertebrae to 2.561 ppm liver, 
(7) Zinc: 4.428 ppm in spleen to 7.431 ppm in stomach, 
(8) Arsenic: 1.268 ppm in eye lens to 15.029 ppm in liver, 
(9) Cadmium: 0.030 ppm in spleen to 0.697 ppm in stomach lining, 
(10) Lead: 0.037 ppm in spleen to 0.565 ppm in eye lens.  
 
To determine if the metal concentrations (ppm) in a specific tissue types were different between S. 
megalops and M. mustelus a T-test using The SIGMASTAT program were conducted, the results 
are in Appendix 6.1 and are summarised in Table 6.4.  Normality tests determined if the combined 
data from S. megalops and M. mustelus had a normal distribution with an alpha level of 0.01 for the 
level of significance (P value below 0.01 indicate that there was not a normal distribution and are 
highlighted in Appendix 6.1).  An equal variance test with an alpha significance level of 0.01 were 
set to determine if the data from S. megalops and M. mustelus had an equal variance (A P value of 
less than 0.01 indicate that the variance was not equal and are highlighted in Appendix 6.1).  The 
level of significance for the t -Test was 0.05 thus if the P value for the source of variation are below 
0.05 there is a significant difference between S. megalops and M. mustelus (highlighted in 
Appendix 6.1).  The power of the performed test was set at a significant level of 0.05 and the 
resulting Power values below 0.8 should be interpreted with caution (highlighted in Appendix 6.1), 
as there is a greater chance of committing a Type II error (Zar, 1999).  
The results of the T-test (Appendix 6.1, Table 6.4) indicated the metal concentration in the 
following four tissue types between S. megalops and M. mustelus were not significantly different 
from each other: (1) liver (Cr (P = 0.237), Cu (P = 0.959) and As (P = 0.164)); (2) spleen (Al (P = 
0.839) and Fe (P = 0.051)); (3) muscle (Al (P = 0.413)) and (4) stomach (Al (P = 0.051), Mn (P = 
0.100) and Cd (P = 0.058)) that no significant differences were found between the two species 
(Appendix 6.1).  Significant differences between metal concentration in different tissue types of S. 
megalops and M. mustelus were determined for the following tissue types and metals were recorded 
using the T-test (Appendix 6.1, Table 6.4):  
(1) Vertebrae: Al, Cr, Mn, Fe, Co, Cu, Zn, As, Cd (P < 0.001) and Pb (P = 0.002),  
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(2) Gills: all 10 metals (P < 0.001),  
(3) Jaw: Al, Cr, Mn, Fe, Co, Cu, Zn, As and Pb (P < 0.001) and Cd (P = 0.017),  
(4) Eye lens: Al, Cr, Co, Cu and As (P < 0.001), Mn (P = 0.034), Fe (P = 0.018), Zn (P = 
0.033), Cd (P = 0.004) and Pb (P = 0.021),  
(5) Spleen: Cr, Mn, Co, Cu, Zn, As, Cd and Pb (P < 0.001),  
(6) Stomach: Cr, Fe, Co, Cu, Zn and As (P < 0.001) and Pb (P = 0.005),  
(7) Liver: Mn, Co, Zn and Cd (P < 0.001), Al (P = 0.009), Fe (P = 0.023) and Pb (P = 0.048),  
(8) Muscle: Cr, Mn, Fe, Co, Zn, As and Cd (P < 0.001), Cu (P = 0.018) and Pb (P = 0.001). 
Table 6.4. Summary of t-test results to determine if there were differences in the metal 
concentration in tissue types between S. megalops and M. mustelus.  (*** P <0.001; ** 0.001 £ 
P < 0.01; * 0.01 £ P < 0.05; ND: no difference; confidence level at 95%). 
 Vertebrae Gills Jaw Lens Liver Muscle Spleen Stomach 
Al *** *** *** *** ** ND ND ND 
Cr *** *** *** *** ND *** *** *** 
Mn *** *** *** * *** *** *** ND 
Fe *** *** *** * * *** ND *** 
Co *** *** *** *** *** *** *** *** 
Cu *** *** *** *** ND ** *** *** 
Zn *** *** *** * *** *** *** *** 
As *** *** *** *** ND *** *** *** 
Cd *** *** * ** *** *** *** ND 
Pb ** *** *** * * *** *** ** 
 
4.  Discussion. 
Due to the limited sampling size of M. palumbes the metal concentration in the different tissue 
types of this species will not be included in the discussion and only the data from S. megalops and 
M. mustelus will be discussed.  Between the two species that will be discussed there are some 
differences in the sampling size (7 S. megalops vs. 19 M. mustelus), as well as differences in the 
maturity of the two species (S. megalops individuals were all mature samples while the M. mustelus 
individuals were all juvenile samples).  Another difference was the difference in the ratio for males 
to females for both species (S. megalops 1:6 and M. mustelus 12:7).  All the above mentioned are 
factors that may influence the concentration of metals in the tissues and due to the inherent 
differences between the two species make interpretation of the data difficult (Lyle, 1984, Prosi, 
1981, Walker, 1976).  Another factor is that for S. megalops the metal concentration in the stomach 
content was determined while for M. mustelus the metal content of the stomach lining was 
determined.  This would definitely influence the concentrations of metals detected as the stomach 
lining will give an indication of the metals that are absorbed by the shark from their food while the 
stomach content may indicate the concentration in prey species (Dallinger, Prosi, Segner and Black, 
1987, Kureishy, George and Sen Gupta, 1979).  As the sharks were frozen before they were 
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dissected direct  comparisons of the metal concentrations between the two species and between 
different tissue types within a species will be limited and only generalisations will be made.  In 
Chapter 10 the relationship between the metal concentrations in different tissue types as well as 
between different metals in a specific tissue type will be discussed for S. megalops for data obtained 
from sharks that were dissected fresh. 
4.1.  Metal concentration in different tissue types of S. megalops and M. mustelus. 
The high con centration of Fe in both S. megalops and M. mustelus is not surprising due to its 
importance in certain biological functions as is the concentrations of Zn, Cu and Cu (Márquez, 
Vodopivez, Cassaux and Curtosi, 1998).  The high concentrations of Al in the stomach content (S. 
megalops) and stomach lining (M. mustelus) may be explained due to its high concentration in 
sediment while for As the high concentration of arsenobetain in crustaceans a major food source of 
S. megalops and M. mustelus may explain the accumulation of these two in the studied species 
(Compagno, 1984, Farag, Woodward, Brumbaugh, Goldstein, MacConnell, Hogstrand and 
Barrows, 1999, Ku rosawa, Yashuda, Taguchi, Yamazaki, Toda, Morita, Uehiro and Fuwa, 1980).  
The concentrations of Cr, Cd and Pb in the two species on the other hand may be due to chronic 
exposure to low levels of these metals, as they are not needed for biological functions (Corrill and 
Huff, 1976).  The accumulation of these non-essential metals may result in deleterious effects in the 
sharks as they replace other essential metals in proteins and enzymes resulting in reduced activity of 
the specific proteins or enzymes (Simkiss, Taylor and Mason, 1982). 
The liver and the gills are also well known sites responsible for the excretion of biotransformed 
products of metals and the gills are also known to accumulate metals from the surrounding water 
(Buhler and Williams, 1988, Pentreath, 1973).  Both the species had relatively high metal 
concentrations in the whole gills and as the gills are one of the sites for direct accumulation of 
metals from the surrounding water the relatively high concentration of most of the metals in the 
gills of both the species may indicate a chronic exposure to low levels of the metals in the water or 
that the metals are being excreted (Pentreath, 1973).  The high concentration of Cd (5.243 ppm) in 
the liver of S. mustelus could be indicative of a detoxification mechanism such as metallothionein 
induction that would sequester the metal, especially as Cd is not an essential metal (Kägi, 1991).  
Eye lenses have also been implicated in the accumulation of metals from the surrounding waters, 
and as they lack regulatory mechanisms they may give an indication of the organisms exposure to 
metal concentrations (Dove and Kingsford, 1998). 
The concentration of heavy metals in the stomach content of S. megalops was higher than the metal 
concentrations detected in th e water samples (Chapter 5), as was the metal concentration in the 
stomach lining of M. mustelus.  This may indicate that the two shark species accumulate metals 
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from their food and that there is a degree of bioaccumulation of metals through the food web 
(Guthrie, Davis, Cherry and Murray, 1979, Vas, 1991).  The metals that are accumulated appears to 
be concentrated in the muscle tissue of S. megalops (Al, Cr, Mn, Fe, Cu, Zn, and Pb) while for M. 
mustelus it appears that the metals are distributed between different tissue types, but the liver (Fe, 
Zn and As), muscle tissue (Al and Mn), and eye lens (Cr and Pb) appears to be important as they 
had the highest concentration for the mentioned metals.  M. mustelus seems to accumulate Co, Zn 
and Cd in the stomach lining and it would appear that there is transport of these metals to the other 
tissue types, especially for the non essential metal Cd (Corill and Huff, 1976).   
Vertebrae and jaw consists of cartilage, in the vertebrae it is associated with the storage of metals 
and as such will accumulate metals to ensure a continuous supply to the rest of the body (Eisler, 
1967).  The spleen is the site where red blood cells are broken down and if the metals are associated 
with the red blood cells it may result in elevated concentration of metals in the spleen tissue (Alters, 
2000). 
It is the high levels of metals in the muscle tissue of the two species that is of great concern to the 
consumers of shark meat due to the toxicological effects that may be induced by the consumption of 
metal rich meat (Goyer, 1986).  Though the data for the other tissue types are presented, species, 
age and life history of the organisms or a combination of these all affect the distribution of metals 
within different organisms and detailed information regarding these factors are needed as well as 
information on the physiology of the organisms (Simkiss et al., 1982).  Chapter 10 describes the 
relationship between different metals in different tissue types for S. megalops as determined from 
fresh sharks .  
4.2.  Comparison of metal concentration in different tissue types of S. megalops and M. 
mustelus. 
As seen above there are many possible reasons why there could be significant differences between 
the metal concentration in the different tissue typ es of S. megalops and M. mustelus.  Aspects of 
their biology and behaviour such as diet, migration patterns, growth rates, trophic position, age 
structure of sampled animals, physiology, and environmental factors, or a combination of these may 
individually or synergistically affect metal concentrations in the various organs and tissues of the 
shark species (Adams and McMichael, 1999, Boush and Thieleke, 1983, Lyle, 1984, Steward, 
Phillips, Catry and Furness, 1997, Vas and Gordon, 1993, Webb and Wood, 2000).  
The S. megalops individuals used in this investigation were all sexually mature individuals while 
only sexually immature juveniles of M. mustelus individuals were sampled.  As S. megalops had the 
highest metal concentration in most of the tissue types is  would indicate that S. megalops adults 
have accumulated more metals than M. mustelus juveniles which is to be expected as older adults 
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may contain higher concentrations of metals through bioaccumulation over time (Adams and 
McMichael, 1999).  Adams and McMichael (1999) have also found that animals with a faster 
growth rate and shorter life span may have lower levels of metals.  These two species have different 
growth rates, S. megalops have a gestation period of up to two years while M. mustelus have a 
ges tation period of 10 – 11 months (Compagno, 1984) indicating that M. mustelus will have faster 
growth rate and possible a shorter life span, resulting in lower concentrations. 
S. megalops occur on outer continental shelves and upper slopes on or near the bo ttom at depth 
ranging from 50 – 735 meter (Compagno, 1984) while M. Mustelus occur on continental shelves 
and uppermost slopes at 5 - 50 meter depth and are found in the intertidal region (Compagno, 
1984).   
S. megalops  feed predominantly on bony fishes (40%), cephalopods (21%), crustaceans (19%) and 
other elasmobranchs along the coast of South Africa, while M. mustelus also feed on crustaceans 
(44 –  82 % depending on size of shark), cephalopods (1 –  43 % depending on size of shark), bony 
fishes (9 –  14 % depending on size of shark) and polychaetes (0.2 –  2 % depending on the size of 
the shark) (Compagno, 1984, Smale and Compagno, 1997).  As can be seen there is not a big 
difference in the food items consumed by the two species, what may vary is the ratio o f the different 
components making up the diet. 
It is clear that these two species differ in their metal content but further studies are required to 
assess the rate of uptake, and especially the concentrations of metals in older specimens of M. 
mustelus.  This can be done by obtaining a wider range of sizes from both species in order to 
determine the relationship between juveniles and adults.  
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Chapter 7.  The concentration of metals in different tissue types of males and 
females of two shark species Mustelus mustelus (Chondrichthyes, 
Carcharhiniformes, Triakidae) and Squalus megalops (Chondrichthyes, 
Squaliformes, Squalidae). 
 
 
1.  Introduction. 
Due to the inherent differences between the physiology of males and females there might be 
differences in the metal concentration in different tissue types of males and females of the same 
species (Prosi, 1981).  One such physiological factor that may influence the concentration is the 
difference in growth rate that is a common occurrence in many shark species such as Mustelus canis 
(Conrath, Gelsleichter and Musick, 2002) and Squalus megalops (Watson and Smale, 1999).  This 
difference in growth rate is also evident in the differences in the maturing sizes of species such as 
M. mustelus and M. palumbes  (Smale and Comp agno, 1997).  Studies by Márquez, Vodopivez, 
Cassaux and Curtosi (1998) found differences in zinc, manganese and copper concentration in 
gonads and livers of males and females in the Antarctic fish.  Differences in the mercury 
concentration of males and females have also been found for several shark species: Mustelus 
schmitti, Squalus acanthias, Galeorhinus australis and Mustelus antarcticus (Forrester, Ketchen 
and Wong, 1972, Marcovecchio, Moreno and Pérez, 1986, Walker, 1976).  Glover (1979) found no 
significant differences in arsenic, cadmium, manganese, copper and zinc concentrations in edible 
flesh (muscle) between males and females for M. antarcticus and for males and females of G. 
australis, as did Vas (1987) for different tissues of Galeorhinus galeus.  The aims of this chapter is 
thus to examine the differences in metals concentrations between males and females of the same 
species for S. megalops and M. mustelus.  
 
2.  Materials and methods. 
Samples for both the study species were caught using demersal trawls from the Dr. Fridtjof Nansen 
in May/June, 2000.  After being weighed and measured sharks were placed in polyethylene plastics 
bags and frozen for dissection in the laboratory later.  Samples were dissected using hexane-cleaned 
equipment on hexane-cleaned surface.  Tissue samples were dried overnight in a 60° C oven and 
digested using concentrated nitric and perchloric acid (See Chapter 4), resulting solutions were read 
once on an ICP-MS and the concentration in the tissue were determined using the dry weight of the 
samples used.  Only one small tissue sample from each individual was digested due to the cost 
involved. 
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M. mustelus samples were collected at sampling Site 1, off Jeffreys Bay (See Fig. 5.1) while the 
samples from several sampling sites (Fig. 5.1, Table 7.2) along the south -eastern coast of South 
Africa were combined for different metals and tissue types for S. megalops.  Tissue types used in 
the investigation for S. megalops were vertebrae, gills, jaw, lens, liver, muscle, spleen, stomach 
content and gonads.  M. mustelus tissue types used in the investigation were vertebrae, gills, jaw, 
lens, liver, muscle, spleen and stomach lining. 
 
3.  Results. 
Table 7.1 indicates the number of individuals together with the size ranges for both the study 
species caught at the seven sampling sites.  S. megalops samples from several sites were combined 
as an ANOVA test (Chapter 5) indicated that the metal concentrations in tissues from certain sites 
(Table 7.2) were not significantly different from each oth er.  The exception is gonad tissue from S. 
megalops (ovaries and testes), as there were so few data points all the samples from sampling Sites 
1 to 7 were combined.  The number of individuals used is not included in Table 7.2 as it varied 
between tissue types but is included in Appendix 7.2.  The size ranges and number of samples for S. 
megalops used in the investigation are summarised in Table 7.3 and once again the sample sizes are 
not included as it varied between different tissue types (Appendix 7.2).  All the samples from M. 
mustelus were juveniles while for S. megalops the samples ranged in maturity from juvenile males 
and females to mature males and females while some of the mature females were pregnant (Chapter 
6, Table 6.1). 
Table 7.1.  Size ranges (cm) of all the males and females of both the study species at the seven 
sampling sites together with the number of individuals. 
 Sex  Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
M Size (cm) 
n 
39 - 81 
12 
--- --- --- --- --- --- 
M. mustelus 
F Size (cm) 
n 
35 - 60 
7 
--- --- --- --- --- --- 
M Size (cm) 
n 
46  
1 
40 - 43 
5 
41 - 49 
9 
27 - 40 
6 --- 
30 - 45 
8 
37 - 45 
6 S. megalops 
F Size (cm) 
n 
51 - 63 
6 
44 - 58 
7 
41 - 63 
10 
23 - 56 
10 
41 - 55 
6 
35 - 58 
8 
40 - 67 
9 
Table 7.2.  Sampling sites used in the study of the effect of sex on metal concentration in S. 
megalops (Fig. 5.1).  
 Al Cr Mn Fe C o Cu Zn As C d Pb 
Vertebrae 1,3,4,5,6,7 1,3,4,5,6,7 1,2,3,4,5,6 3,4,5,6,7 1 to 7 1,3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 1 to 7 1 to 7 
Gills 3,4,5,6 3,4,5,6,7 123,4,5,6 3,4,5,6,7 1,3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 1 to 7 3,4,5,6,7 1 to 7 
Gonads 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 
Jaw 3,4,5,6,7 1 to 7 123,4,5,6 1 to 7 1 to 7 3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 1 to 7 1 to 7 
Lens 1 to 7 3,4,5,6,7 1 to 7 1 to 7 1 to 7 3,4,5,6,7 1 to 7 1 to 7 1 to 7 1 to 7 
Liver 3,4,5,6,7 1,3,4,5,6,7 1 to 7 3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 1 to 7 1 to 7 
Muscle 1,3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 1 to 7 3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 3,4,5,6,7 1 to 7 
Spleen 1 to 7 1 to 7 1 to 7 1,3,4,5,6,7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 
Stomach 1 to 7 1 to 7 1 to 7 1 to 7 3,4,5,6,7 1,2,4,5 3,4,5,6,7 1 to 7 23,4,5,6,7 1 to 7 
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Table 7.3.  Size ranges for S. megalops individuals used for the investigati on for the combined 
sites of Table 7.2. 
Sex Size (cm) Sites 
1,3to 7 
Sites 
1 to 6 
Sites 
3 to 7 
Sites 
1 to 7 
Sites 
1,2,4,5 
Sites 
2 to 7 
M Size range n 
27 – 49 
19 
27 – 49 
29 
27 – 49 
29 
27 – 49 
35 
27 – 46 
12 
27 – 49 
34 
F Size range n 
23 – 67 
49 
23 – 63 
46 
23 – 67 
43 
23 – 67 
56 
23 – 63 
29 
23 – 67 
50 
 
3.1.   Mustelus mustelus. 
To determine if there were differences between males and females of M. mustelus a T-Test using 
the SIGMASTAT program was conducted with a 95% confidence level, the results are in Appendix 
7.1.  Normality tests determined if the concentration data from males and females of M. mustelus 
had a normal distribution with an alpha level of 0.01 for the level of significance (P value below 
0.01 indicates that there was not a normal distribution and are highlighted in Appendix 7.1).  An 
equal variance test with an alpha significance level of 0.01 were set to determine if the 
concentration data of males and females from M. mustelus had an equal variance (A P value of less 
than 0.01 indicate that the variance was not equal and are highlighted in Appendix 7.1).  The level 
of significance for the T-Test was 0.05 thus if the P value for the source of variation are below 0.05 
there is a significant difference between males and females of M. mustelus (highlighted in Appendix 
7.1).  The power of the performed test was set at a significant level of 0.05 and the resulting Power 
values below 0.8 should be interpreted with caution (highlighted in Appendix 7.1), as there is a 
greater chance of committing a Type II error (Zar, 1999).   
Out of the possible 80 comparisons males only had the highest concentration in 15 comparisons 
(19%) (Appendix 7.1).  The males of M. mustelus had the highest concentration in the following 
tissue types (Appendix 7.1): (1) gills (Cu: 0.127 ppm), (2) liver (Al: 1.617 ppm, Cr: 0.204 ppm, Fe: 
50.702 ppm, Co: 0.070 ppm, Zn: 4.375 ppm, Cd: 0.706 ppm, Pb: 0.224 ppm), (3) muscle (Co: 0.018 
ppm), (4) spleen (Al: 4.222 ppm, Cr: 0.023 ppm) and (5) stomach content (Al: 5.889 ppm, Fe: 
24.254 ppm, Cu: 0.446 ppm, Zn: 8.490 ppm).   
Significant differences (Appendix 7.1, Table 7.4) between males and females were recorded in:  
(1) Vertebrae: Fe (P = 0.046, females concentration the highest: 1.170 ppm), As (P = 0.032 
females concentration the highest: 5.771 ppm),  
(2) Gills: Cr (P = 0.037, females concentration the highest: 0.0534 ppm), As (P = 0.039, females 
concentration the highest: 5.729 ppm), Cd (P = 0.032, females concentration the highest: 
0.113 ppm),  
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(3) Jaw: Al (P = 0.007, females concentration the highest: 3.045 ppm), Mn (P = 0.049, females 
concentration the highest: 0.232 ppm), Fe (P = 0.004, females concentration the highest: 
6.328 ppm),  
(4) Eye lens: Al (P = 0.024, females concentration the highest: 1.217 ppm), Cd (P = 0.046, 
0.918 ppm) and  
(5) Muscle: Cu (P = 0.039, 0.933 ppm).   
No significant differences between males and females were recorded in the following tissue types 
(Appendix 7.1, Table 7.4): liver (P > 0.05), spleen (P > 0.05) and stomach content (P > 0.05).   
A concern regarding the results from the statistical procedure is the low values attributed to the 
power of the test (Appendix 7.1) for most of the t-test, it was only for Jaw (Al: P = 0.805 and Fe: 
P=0.872) that the P value was above the desired level of 0.8, as a result the rest of the results should 
be interpreted and accepted with caution. 
Table 7.4.  Summary of results of the t-test to determine if there is a difference between the 
male and female metal concentrations in different tissue types of M. mustelus (*** P <0.001; 
** 0.001 £ P < 0.01; * 0.01 £ P < 0.05; ND: no difference). 
 Al Cr Mn Fe Co Cu Z n As Cd Pb 
Vertebrae ND ND ND * ND ND ND * ND ND 
Gills ND * ND ND ND ND ND * * ND 
Jaw ** ND * ** ND ND ND ND ND ND 
Lens * ND ND ND ND ND ND ND * ND 
Liver ND ND ND ND ND ND ND ND ND ND 
Muscle ND ND ND ND ND * ND ND ND ND 
Spleen ND ND ND ND ND ND ND ND ND ND 
Stomach ND ND ND ND ND ND ND ND ND ND 
 
3.2.   Squalus megalops. 
To determine if there were differences in the metal concentrations in the different tissue types of 
males and females of S. megalops a T-test was conducted using The SIGMASTAT program, the 
results are in Appendix 7.2.  Appendix 7.2 gives the numbers of specimens for each sex, only one 
replicate from each specimen were taken, it also contains the average concentration (ppm) and 
means from the combined samples. 
Normality tests determined if the concentration data from males and females of S. megalops had a 
normal distribution with an alpha level of 0.01 for the level of significance (P value below 0.01 
indicates that there was not a normal distribution and are highlighted in Appendix 7.2).  An equal 
variance test with an alpha significance level of 0.01 were set to determine if the concentration data 
of males and females from S. megalops had an equal variance (A P value of less than 0.01 indicate 
that the variance was not equal and are highlighted in Appendix 7.2).  The level of significance for 
the t-Test was 0.05 thus if the P value for the source of variation are below 0.05 there is a 
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significant difference between males and females of S. megalops (highlighted in Appendix 7.2).  
The power of the performed test was set at a significant level of 0.05 and the resulting Power values 
below 0.8 should be interpreted with caution (highlighted in Appendix 7.2), as there is a greater 
chance of committing a Type II error (Zar, 1999).  The results of the T-Test are summarized in 
Table 7.5.  
Only four of the metal concentration comparison between males and females of S. megalops from 
the combined sites (Table 7.3) had normal distributions at an alpha level of 0.01 namely As in gills 
(P = 0.017), Al in gonads (P = 0.010), Fe in liver (P – 0.010) and As in muscle (P = 0.024), while 
another two did not have an equal variance namely Al in gonads (P = 0.001) and Fe in liver (P = 
0.006). 
The comparisons of the sexes of S. megalops show a much different picture than M. mustelus in that 
out of a possible 90 comparisons males had the highest concentration in 32 (36%).  Males had the 
highest concentration in the following tissue types for the metal as indicated (Appendix 7.2):  
(1) Vertebrae: Co (0.261 ppm), As (4.847 ppm), Pb (2.130 ppm),  
(2) Gills: Cr (0.164 ppm), Zn (6.880 ppm), As (5.661 ppm),  
(3) Gonads: Cu (3.034 ppm),  
(4) Jaw: Fe (9.195 ppm), Co (0.276 ppm), As (2.896 ppm),  
(5) Eye lens: Fe (20.960 ppm), Zn (12.399 ppm), As (6.985 ppm), Pb (6.887 ppm),  
(6) Liver: Cr (0.398 ppm), Fe (9.860 ppm), Cu (0.269 ppm), Zn (1.139 ppm), As (3.819 ppm), 
Cd (0.291 ppm), 
(7) Muscle: Al (29.358 ppm), Cr (0.131 ppm), Fe (24.568 ppm), Co (0.450 ppm), As (3.250 
ppm), Cd (0.369 ppm),  
(8) Spleen: Al (4.176 ppm), Cr (0.326 ppm), Co (0.552 ppm), Cd (0.416 ppm) and  
(9) Stomach content: Fe (29.626 ppm), Zn (10.050 ppm).   
Only four statistical significant differences between males and females were recorded (Appendix 
7.2 and Table 7.5), (three of the d ifferences were for Al concentration) and for all four females had 
the highest average concentration: 
(1) Vertebrae: Al (P = 0.040, female concentration: 5.871 ppm),  
(2) Gonads: Al (P < 0.001, female concentration: 10.314 ppm),  
(3) Liver: Al (P = 0.017, female concentration: 2.143 ppm) and  
(4) Stomach content: Cu (P = 0.049, female concentration: 0.702 ppm).  
No statistical differences between males and females of S. megalops were recorded in the following 
tissue types (Table 7.5): gills (P > 0.05), jaw (P > 0.05), eye lens (P > 0.05), muscle (P > 0.05) and 
spleen (P > 0.05).  Of concern is the low values attributed to the Power of the test at the 95% 
confidence level, as it was only for gonads (Al: P = 0.997) that the power of the test was above 0.8. 
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Table 7.5.  Summary of results of t-test to determine if there is a difference between the male 
and female metal concentrations in different tissue types of S. megalops (*** P <0.001; ** 
0.001 £ P < 0.01; * 0.01 £  P < 0.05; ND: no difference at 95% confidence level). 
 Al Cr Mn Fe Co Cu Zn As Cd Pb 
Vertebrae * ND ND ND ND ND ND ND ND ND 
Gills ND ND ND ND ND ND ND ND ND ND 
Gonads *** ND ND ND ND ND ND ND ND ND 
Jaw  ND ND ND ND ND ND ND ND ND ND 
Eye lens ND ND ND ND ND ND ND ND ND ND 
Liver * ND ND ND ND ND ND ND ND ND 
Muscle ND ND ND ND ND ND ND ND ND ND 
Spleen ND ND ND ND ND ND ND ND ND ND 
Stomach ND ND ND ND ND * ND ND ND ND 
 
4.  Discussion. 
For both the study species the data should be interpreted with caution due to the number of 
comparisons (males and females) that did not pass the criteria for normality, equal variance and 
power of performed test.   
No results for differences between Al, Cr and Co concentration between males and females were 
found in the literature search.  Zn and As concentration in muscle tissue for G. australis and M. 
antarcticus as described by Glover (1986) varied between males and females having the higher 
concentration depending on the site that they were collected.  From the six sites that data were 
collected from in the study by Glover (1986), males had the highest Zn concentration at five sites in 
tissue from G. australis and at all six sites in tissue from M. antarcticus.  Female G. australis had 
the highest As concentration at four sites while M. antarcticus females had the highest 
concentration at five sites.  This is different from the results of this study as females of both M. 
mustelus (Appendix 7.1) and S. megalops (Appendix 7.2) had the highest concentration in muscle 
for Zn, while for As the males of S. megalops had the highest concentration in muscle tissue.  Mn 
(0.04 ppm) and Cu (0.497 ppm) concentrations in muscle tissue of male G. galeus were higher than 
those recorded for females (Mn: 0.02 ppm; Cu: 0.364 ppm), while for S. megalops and M. mustelus 
Mn and Cu concentrations were higher in females (Appendix 7.1, Appendix 7.2) (Vas, 1987).  Cd 
concentration in muscle tissue of females of G. galeus (0.012 ppm) and M. mustelus (0.236 ppm) 
were higher than the males (G. galeus: 0.01 ppm; M. mustelus: 0.134 ppm) while in S. megalops the 
males (0.369 ppm) had a higher Cd concentration than the females (0.269 ppm).  Females of G. 
galeus (0.213 ppm), M. mustelus (0.160 ppm) and S. megalops (0.972 ppm) had higher Pb 
concentration in muscle tissue than the males (G. galeus:0.135 ppm;  M. mustelu s 0.111 ppm; S. 
megalops: 0.566 ppm).  
In vertebrae the females of G. galeus (Cd: 0.043 ppm; Fe: 1.948 ppm; Cu: 0.800 ppm), M. mustelus 
(Appendix 7.1) and S. megalops (Appendix 7.2) had higher concentration of Cd and Pb than the 
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males (G. galeus (Cd: 0.012 ppm; Fe: 0.941 ppm); M. mustelus (Appendix 7.1); S. megalops 
(Appendix 7.2).  G. galeus males had higher Mn (0.272 ppm) and Zn (0.065 ppm) concentrations in 
vertebrae than the females (Mn: 0.205 ppm, Zn :0.02 ppm), while for S. megalops (Appendix 7.2) 
and  M. mustelus (Appendix 7.1) the females had higher concentrations than the males (Vas, 1987).  
Male G. galeus (0.098 ppm) and S. megalops (2.130 ppm) had higher Pb concentrations in 
vertebrae than the females (G galeus: 0.02 ppm; S. megalops: 1.411 ppm), in M. mustelus the 
females had a higher Pb concentration than the males (Appendix 7.1). 
Mn concentration in female livers of M. mustelus and S. megalops (Appendix 7.1, Appendix 7.2) 
were higher than the males while Vas (1987) reported that males and females had the same Mn 
concentration in livers (0.02 ppm).  Fe concentration in male M. mustelus (51.702 ppm), S. 
megalops (9.860 ppm) and G. galeus (15.134 ppm) were higher in the liver than the concentrations 
recorded for females (M. mustelus: 39.222 ppm, S. megalops: 7.086 ppm, G. galeus: 5.162 ppm) 
(Vas, 1987).  Vas (1987) concluded that the high Fe concentrations in males were due to the onset 
of sexual maturity of the males.  The females of G. galeus (0.598 ppm) and M. mustelus (3.405 
ppm) had higher Cu concentrations in liver than the males (M. mustelus: 2.024 ppm, G. galeus: 
0.310 ppm), while for S. megalops the males had higher Cu concentrations in liver than the females 
(Appendix 7.1, Appendix 7.2, Vas, 1987).  G. galeus males and females had similar Cd 
concentrations (0.01 ppm) in liver tissue while the males of M. mustelus (0.706 ppm) and S. 
megalops (0.291ppm) had higher concentrations than the females (M. mustelus: 0.387 ppm, S. 
megalops: 0.205 ppm).  Pb concentrations in the three species mention above differed in the liver as 
males of M. mustelus (0.224 ppm) had higher Pb concentrations than the females (0.143 ppm), for 
S. megalops females (0.686 ppm) had higher Pb concentrations than males (0.456 ppm) while for G. 
galeus males had females had similar concentrations (0.02 ppm) (Appendix 7.1, Appendix 7.2, Vas, 
1987). 
Cu and Pb concentrations in the spleen of females from M. mustelus (Appendix 7.1) and S. 
megalops (Appendix 7.2) where higher than the males, while for G. galeus the males (Cu: 0.723 
ppm;  Pb: 0.373 ppm) had higher concentrations than the females (Cu: 0.457 ppm; Pb: 0.02 ppm) 
Vas (1987).  Males and females of G. galeus had similar Mn concentrations (0.02 ppm) in spleen, 
while the females of M. mustelus (Appendix 7.1) and S. megalops (Append ix 7.2) had higher 
concentrations in the spleen than the males.  The males of G. galeus (9.710 ppm) and S. megalops 
(28.544 ppm) had higher Fe concentrations in the spleen than the females (S. megalops: 7.966 ppm; 
G. galeus: 3.833 ppm), while female M. mustelus (10.297ppm) had higher Fe concentration in the 
spleen than males (1.354 ppm).  Cd concentrations in the three species mention above differed in 
the spleen as females of M. mustelus (0.0547 ppm) had higher Cd concentrations than the males 
(0.0121 ppm) , for S. megalops males (0.416 ppm) had higher Cd concentrations than females (0.337 
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ppm) while for G. galeus males and females had similar Cd concentrations (0.01 ppm) (Appendix 
7.1, Appendix 7.2, Vas, 1987). 
There are several reasons as to why the metal concentrations between males and females in 
different tissue types may be different (see Section 4.1 & 4.2), but generally it could be due to 
sexual maturity (Vas, 1987) or due to the metal concentrations that the sharks are exposed to at 
different sites (Glover, 1979).  In the next two sessions the significant differences in metal 
concentrations of males and females in different tissue types in M. mustelus and S. megalops will be 
discussed. 
4.1.   Mustelus mustelus. 
As mentioned in the introduction physiology and growth of the two sexes of the same species may 
have an impact on the metal burden of the organisms (Prosi, 1981, Lyle, 1984).  There is however 
no visible difference in the maturity state of the two sexes for M. mustelus as none of the 
individuals  had any sex organs.  The males of this species mature at a shorter length than the 
females and that may indicate different growth rates for males and females (Smale and Compagno, 
1997).  In some shark species the growth rate of females exceed that of males, thus for a shark of 
given length the males are older than the females and males mature at a smaller size (Walker, 
1976).  Extrapolating this to M. mustelus it can be deduced that the females in the investigation 
were all younger than the males at a cert ain length but growing at a faster rate and having a faster 
metabolism which could result in them having higher concentrations of metals (Coleman, 1980).  
As there was a difference in the size ranges of the two sexes (Appendix 7.2) with bigger males than 
females caught it would indicate that the average age of the samples used would be different which 
could also result in a difference in the metal concentrations of metals between the two sexes (Cross, 
Hardy, Jones and Barber, 1973). 
The liver and the spleen appeared to be the two organs that are associated with the detoxification 
and breakdown of toxic substances and it is interesting to note that especially in the liver of males 
the highest concentration of five of the non essential metals were found namely  Al, Cr, Co, Cd and 
Pb (Appendix 7.2) (Tappin, Millard, Statham, Burton and Morris , 1995  & Nigro and Leonzio, 
1996).  This may indicate that the males are slower than the females in excreting the metals or that 
they have recently been exposed to a single dose of high metal concentration (Crespo, Flos, Balasch 
and Alonso , 1979, Du Preez, Van der Merwe and Van Vuren , 1997).  As the liver is very important 
in the metabolism and elimination of many toxicants, a higher concentration of a metal in the liver 
might suggest either recent exposure followed by accumulation in the liver, or strong of protein 
binding (Boush and Thieleke, 1983). 
Smale and Compagno (1997) also found that there was a seasonal variation in the sexual status of 
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M. mustelus. Metal levels pres ent in the males and females may thus vary over seasons resulting in 
a difference in the distribution of metal in the two sexes. 
4.2.   Squalus megalops. 
In zebra fish females had higher levels of Cd in their tissue types (Prosi, 1981) even in 
uncontaminated circumstances.  This difference in metal levels was attributed to the different 
physiological conditions of males and females for instance during reproduction.  The situation 
becomes more complicated when looking at several tissue types and several metals as they al have 
an effect on each others concentration as mentioned in previous chapters. 
There are several reasons why there may be differences in the metal concentration of males and 
females in S. megalops.  Difference in growth and maturity rate of the sexes, maturity and age 
differences to name a few, have been noted which may account or play a role in the differences in 
metal accumulation between the sexes of this species (Cross et al., 1973, Watson and Smale, 1999).  
Stevens & Brown (1974) found th at females showed increased metal levels in liver during 
pregnancy (thus elevating levels above that found in males) due to reduced liver weight while 
Hidalgo, Tort and Flos (1985) also found higher levels of Cd in female livers than in males.  There 
is some difference with this study though as for some metals in the liver as males had the higher 
concentration.  Possible reasons for this includes differences in species, or that the ratio of juvenile 
and mature or pregnant females in the sample was not great enough to indicate a similar trend.   
Though several differences in the metal concentrations between males and females for both the 
study species have been shown there are scope for further study into the accumulation and 
detoxification of metals in males and females of both species under controlled conditions to 
determine the precise effect and detoxification possibilities or mechanism of both sexes, of for 
instance the liver, to get a better understanding of the physiological effects involved. 
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Chapter 8.  The relationship between length, weight and the concentration of 
heavy metals in different tissue types of Mustelus mustelus and Squalus 
megalops, with notes on the metal concentration in different life stages of 
Squalus megalops. 
 
 
1.  Introduction. 
Due to an increase in the demand for elasmobranch products the concentration of heavy metals in 
these animals needs to be determined to assess the possibility of negative health effects on humans.  
Sharks have differences in growth rates between males and females and between different species, 
as a result males and females and different species also differ in their accumulation rates of certain 
metals (Conrath, Gelsleichter and Musick, 2002, Eustace, 1974, Marcovecchio, Moreno & Pérez, 
1991, Márques, Vodopivez, Cassaux and Curtosi, 1998, Smale and Compagno, 1997, Watson and 
Smale, 1999).  The relationship of metal concentration with length or weight may thus provide an 
idea of the size ranges of Squalus megalops and Mustelus mustelus that may be targeted by fisheries 
as the metal levels present in sharks of a certain length or weight will be suitable for human 
consumption (Marcovecchio et al., 1991).  Several papers have been published on the relationship 
between metal concentration and length or weight of different shark species.  Watling, Watling, 
Stanton, McClurg and Engelbrecht (1982) reported positive relationships in muscle tissue between 
iron, cadmium, chromium and zinc and weight of Carcharhinus obscurus (Dusky shark) for bigger 
sized sharks caught off the coast of South Africa.  Manganese concentration in the vertebrae of 
Etmopterus princeps  (Great lanternshark), form the Rockall Trough (between England and Ireland) 
showed a positive relationship with shark length, while manganese concentration in vertebrae of 
Isurus glauca  (Shortfin mako) from Australian waters had a negative relationship with length (Vas, 
Stevens, Bonwick and Tizini, 1990).  Differences in the relationship of mercury concentration with 
length have also been reported for male and female Squalus mitsukurii  (Shortspine spurdog) and 
this difference have been attributed to differences in growth rates of the two sexes (Taguchi, 
Yasuda, Toda and Shimizu, 1979).  Taguchi et al., (1979) found differences in the metal 
concentration of different life stages (embryo, age 0, immature and mature) for S. mitsukurii, in that 
the concentrations in embryos and immediately after birth were greater than in the later life stages. 
The aims of this chapter are to (a) determine if males and females of S. megalops and M. mustelus 
accumulate heavy metals (Al, Cr, Mn, Fe, Co, Cu, Zn, As, Cd, Pb) with length or weight, (b) if 
there are significant differences in the relationship of metal concentration with length or weight of 
males and females and (c) whether there are differences in metal concentration between different 
life stages (yolk, embryo, juvenile (or immature), mature) of S. megalops. 
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2.  Materials and methods. 
2.1.  Mustelus mustelus. 
M. mustelus samples were collected at sampling Site 1 (Fig. 5.1) in May , 2000 from samples 
obtained using demersal trawling methods by the research vessel Dr. Fridtjof Nansen during a 
research trip with Marine and Coastal Management.  Specimens were frozen directly after being 
weighed (grams) and measured (total shark length (cm), see Fig. 4.11).  In the laboratory the sharks 
were defrosted and dissected on hexane-cleaned surfaces using hexane-cleaned equipment.  Tissue 
samples were dried in a 60º C oven overnight before digestion with concentrated perchloric and 
nitric acid.  The resulting solution was read using an ICP-MS, see Chapter 4 for more details.  One 
digestion was conducted for each tissue sample from each specimen due to the expenses involved.  
The following tissue types were collected for each of the specimens: vertebrae, liver, spleen, 
stomach lining, jaw, gills, eye lens and muscle tissue.   The concentrations used were determined 
using the dry weight of the digested samples.  
2.2.  Squalus megalops.  
S. megalops specimens were collected in May and June, 2000 on the same research cruise as the M. 
mustelus specimens but were collected at several sampling sites (Fig. 5.1).  As with M. mustelus the 
total length (cm) and weight (g) of the sharks were determined before they were frozen for 
dissection in the laboratory.  Dissections were conducted on hexane-cleaned surfaces using hexane-
cleaned dissecting equipment and the following tissue types were collected: stomach content, liver, 
spleen, vertebrae, gills, jaw, eye lens, gonads (if present), egg yolk (if present) and embryos/pups (if 
present).  One digestion per tissue type, per shark sample was made due to the expenses involved.  
Digestion was achieved using concentrated perchloric and nitric acid after drying the tissue samples 
in a 60ºC oven overnight.  The resulting solution was read once on an ICP-MS.  Please consult 
Chapter 4 for handling and digestion procedures of samples.   
2.3.  Differences in metal concentration in different life stages. 
To determine the metal concentration in different life stages of S. mega lops samples from the 
following life stages: yolk, embryo, immature sharks and mature sharks were used (Taguchi et al., 
1979).  The yolk consisted of the whole egg mass as collected from the ovaries of females, while 
only a certain area from the embryos was digested.  See Fig. 8.1 for information on the position of 
the tissue of the embryo that was used for analysis.  The tissue types used for the mature and 
immature stages were vertebrae, muscle and liver.  For the embryo the whole section as indicated in 
Fig. 8.1 was digested, thus no distinction between skin, muscle, vertebrae, spine or any intestines 
were made.  
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Figure 8.1.  Graphic illustration of the area of the embryo that was used for metal 
determination. 
 
3.  Results. 
To determine if there were relationships between metal concentration and the length (or the weight) 
of specimens of the same species, the data (on length, weight and metal concentration) were log 
transformed to reduce the heteroscedacity of the data.  Log transformed data made it also possible 
to represent the length and weight graphs of a specific metal in a tissue type in one graph.  Linear 
regressions were then performed using the SIGMASTAT program to determine if the relationships 
between length or weight and metal concentration were significant at the 95% level for both males 
and females. 
Male and female regressions (generated using length and weight as independent variables vs. metal 
concentration as the dependent variable) were compared first using the slopes and secondly the 
intercepts according to the method of Zar (1999) by an Excel (Microsoft) program created by Dr. 
Dave Schoeman (pers. com. Zoology Department, UPE).  If no difference in the slope or the y-
intercept were determined between the trend lines of males and females a common regression line 
using length and weight as the independent variables were determined (Table 8.2 to Table 8.9, 
Table 8.12 to Table 8.20).  Before the Microsoft, Excel program was applied to the data generated 
by this study, the program was tested ext ensively using experimental and appropriate data from Zar 
(1999) to ensure that it produced 100% reliable results. 
3.1.  Mustelus mustelus.  
The results of the length/weight – metal regressions for males and females of M. mustelus are 
summarised in Table 8.1.  Table 8.2 to Table 8.9 gives the results of the length/weight - metal 
concentration regressions and the comparisons of the male and female length - metal concentration 
regressions for the ten metals in the eight different tissue types.  The regressions are visually 
represented in Fig. 8.2 to Fig. 8.9.  Female graphs are always represented in Fig. 8.Xa while males 
are in Fig. 8.Xb. 
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3.1.1.  Relationships between heavy metal concentrations and the length and weight of male and 
female M. mustelus. 
In all the tissue types analysed during this study there were only three positive slopes (i.e. 
increasing concentration with increasing length) that showed a significant metal concentration 
relationship with length. These were Fe in gills of males (P = 0.037, Table 8.1, Table 8.3, Fig. 
8.3b), and Cu concentration in the vertebrae (P = 0.026, Table 8.1, Table 8.2, Fig. 8.2a) and gills of 
females (P = 0.045, Table 8.1, Table 8.3, Fig. 8.3a).  In terms of weight there were significant 
positive relationships with metal concentration for females in Cu concentrations in vertebrae (P = 
0.017, Table 8.1, Table 8.2, Fig. 8.2a), and in Zn concentration in muscle (P = 0.047, Table 8.1, 
Table 8.7, Fig. 8.7a). No positive relationships were observed between length and metal 
concentratio n in male specimens (P > 0.05, Tables 8.2 to 8.9, Fig. 8.2b to Fig. 8.9b). 
Significantly negative length – metal concentration regressions were determined in females for (1) 
vertebrae (Table 8.1, Table 8.2, Fig. 8.2a): Cr (P = 0.011), Co (P = 0.005), Cd (P = 0.005) and Pb (P 
= 0.040), (2) gills (Table 8.1, Table 8.3, Fig. 8.3a): Cr (P = 0.018), Co (P = 0.013), Zn (P = 0.033), 
As (P = 0.030) and Cd (P = 0.012), (3) jaw (Table 8.1, Table 8.4, Fig. 8.4a): Mn (P = 0.022), Co (P 
= 0.015) and Cd (P = 0.023), (4) eye lens (Table 8.1, Table 8.5, Fig. 8.5a): Al (P = 0.021), Cr (P = 
0.020), Mn (P = 0.030) and Cu (P = 0.049), (5) liver (Table 8.1, Table 8.6, Fig. 8.6a): Co (P = 
0.045), (6) spleen (Table 8.1, Table 8.8, Fig. 8.8a): Al (P = 0.028) and Zn (P = 0.001) and (7) 
stomach lining (Table 8.1, Table 8.9, Fig. 8.9a): Al (P = 0.004), Cr (P = 0.002), Co (P = 0.037), Cd 
(P = 0.008) and Pb (P = 0.033).   
With the exception of Pb concentration in vertebrae (Table 8.1, Table 8.2, Fig. 8.2a), Cu 
concentration in gills (Table 8.1, Table 8.3, Fig. 8.3a) and Co concentration in liver (Table 8.6, Fig. 
9.6a) that were not significantly related with weight, the weight-metal concentration relationship for 
females were the same as for the length – metal concentration relationships. Added to the above 
mentioned Zn concentration in muscle tissue of females did not show a significant relationship with 
length (P = 0.071, Table 8.1, Table 8.7, Fig. 8.7a) though it did with weight as the independent 
variable (P = 0.047, Table 8.1, Table 8.7, Fig. 8.7a). 
Significant negative relationships between metal concentration and length (P < 0.05) in the different 
tissue types of males were determined in (1) vertebrae (Table 8.1, Table 8.2, Fig. 8.2b) Al (P = 
0.023) and Zn (P = 0.033), (2) gills (Table 8.1, Table 8.3, Fig. 8.3b): Fe (P = 0.037) and Zn (P = 
0.031), (3) jaw (Table 8.1, Table 8.4, Fig. 8.4b): Mn (P = 0.030), Fe (P = 0.002), Zn (P < 0.0001) 
and As (P = 0.022), (4) liver (Table 8.1, Table 8.6, Fig. 8.6b): Cu (P = 0.014), (5) muscle (Table 
8.1, Table 8.7, Fig. 8.7b): As (P = 0.013), (6) spleen (Table 8.1, Table 8.8, Fig. 8.8b): Cu (P = 
0.006) and Zn (P = 0.013) and (7) stomach lining (Table 8.1, Table 8.9, Fig. 8.9b): Cr (P = 0.029) 
and Cu (P = 0.045).  Using weight as the independent variable one extra significant negative 
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relationship with Al concentration in stomach lining (P = 0.043) for males were identified (Table 
8.1, Table 8.9, Fig. 8.9b). 
Though the other length or weight – concentration regressions in the different tissue types indicated 
mostly negative slops (a few were positive) none of these were significant and for some metals in 
the different tissue types the slopes were close to zero.  
Table 8.1.  Summary of the significant length/weight– metal concentration regressions for M. 
mustelus in different tissue types (From Table 8.2 – Table 8.9 and Fig. 8.2 – Table 8.9).  Level 
of significance: * 0.05 > P = 0.01, ** 0.01 > P = 0.001, *** P < 0.001, (N) negative relationship, 
(P) positive relationship (Highlighted). 
Tissue Sex L/W Al Cr Mn Fe Co Cu Zn As Cd Pb 
M L 
W 
* (N) 
* (N) 
     * (N) 
* (N) 
   
Vertebrae 
F L 
W 
 * (N) 
** (N) 
  ** (N) 
** (N) 
* (P) 
* (P) 
  ** (N) 
** (N) 
* (N) 
M L W    
* (P) 
* (P) 
  * (N) * (N)    
Gills 
F L 
W 
 * (N) 
* (N) 
  * (N) 
** (N) 
* (P) 
 
* (N) 
* (N) 
* (N) 
* (N) 
* (N) 
* (N) 
 
M L W   
* (N) 
* (N) 
** (N) 
** (N)   
***  (N) 
*** (N)  
* (N) 
* (N)   
Jaw 
F L 
W 
  * (N) 
* (N) 
 * (N) 
** (N) 
   * (N) 
* (N) 
 
M L W           
Eye lens 
F L 
W 
* (N) 
* (N) 
* (N) 
* (N) 
* (N) 
* (N) 
  * (N) 
* (N) 
    
M L 
W 
     * (N) 
** (N) 
    
Liver 
F L W     * (N)      
M L 
W 
       * (N) 
** (N) 
  
Muscle 
F L W       
 
* (P) 
   
M L 
W 
     ** (N) 
** (N) 
* (N) 
* (N) 
   
Spleen 
F L 
W 
* (N) 
* (N) 
     ** (N) 
** (N) 
   
M L 
W 
 
* (N) 
** (N) 
** (N) 
   * (N) 
* (N) 
    
Stomach 
lining 
F L W 
** (N) 
** (N) 
** (N) 
*** (N)   
* (N) 
* (N)    
** (N) 
** (N) 
* (N) 
* (N) 
3.1.2.  Comparisons between male and female regressions using length or weight concentration 
relationships. 
Using length –  concentration relationships there were significant differences between the slopes of 
the concentration – length regressions of males and females in (1) vertebrae (Table 8.2): Al (P = 
0.007), Cr (P = 0.042) and Zn (P = 0.043), (2) gills (Table 8.3): Co (P = 0.016) and Cu (P = 0.009),  
(3) jaw (Table 8.4): Fe (P = 0.008) and Zn (P = 0.014) and (4) eye lens (Table 8.5): As (P = 0.017). 
In stomach lining (Table 8.9) the difference in the length - arsenic concentration regressions for 
males and females were in the elevation of the trend line (P = 0.048).   
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Using weight – concentration relationships the slopes of the weight –  concentration regressions for 
males and females were significantly different in (1) vertebrae (Table 8.2, Al (P = 0.004), Cr (P = 
0.029) and Zn (P = 0.031)), (2) gills (Table 8.3, Cu (P = 0.014) and Co (P = 0.013)) and (3) jaw 
(Table 8.4, Zn (P = 0.039)).  The weight – Fe concentration regression in jaw of males and females 
were significantly different in the elevation of the two trend lines (Table 8.4, P = 0.007). 
The regression trend lines that were significant at the 95% level and the weight/length – metal 
concentration regressions that were significantly different between males and females are 
highlighted in Table 8.2 to 8.9.  
 Table 8.2.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in vertebrae of M. mustelus (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent Slope P Elevation P Common regression 
F 
M 
7 
10 
0.427 
0.497 
0.111 
0.023 
Length 0.007 -- -- 
Al F 
M 
7 
10 
0.507 
0.518 
0.073 
0.019 
Weight  0.004 -- -- 
F 
M 
7 
10 
0.753 
0.0832 
0.011 
0.419 
Length 0.042 -- -- 
Cr 
F 
M 
7 
10 
0.791 
0.089 
0.007 
0.403 Weight  0.029 -- -- 
F 
M 
7 
10 
0.511 
0.283 
0.071 
0.114 
Length 0.613 0.580 y = -0.865x + 0.726 
Mn 
F 
M 
7 
10 
0.510 
0.314 
0.072 
0.092 
Weight  0.604 0.566 y = -0.276x – 0.023 
F 
M 
7 
10 
0.016 
0.003 
0.784 
0.882 
Length 0.884 0.105 y =  0.190x - 0.432 
Fe F 
M 
7 
10 
0.028 
0.010 
0.718 
0.781 
Weight  0.875 0.089 y = 0.088x – 0.342 
F 
M 
7 
10 
0.815 
0.065 
0.005 
0.477 
Length 0.229 0.865 y = - 5.031x + 6.425 
Co 
F 
M 
7 
10 
0.856 
0.068 
0.003 
0.467 
Weight  0.194 0.833 y = - 1.540x + 1.902 
F 
M 
7 
10 
0.663 
0.088 
0.026 
0.406 
Length 0.068 0.820 y = 0.134x – 1.792 
Cu 
F 
M 
7 
10 
0.715 
0.100 
0.017 
0.374 
Weight  0.054 0.845 y = 0.022x – 1.620 
F 
M 
7 
10 
0.129 
0.453 
0.428 
0.033 
Length 0.043 -- -- 
Zn F 
M 
7 
10 
0.201 
0.482 
0.313 
0.026 
Weight  0.031 -- -- 
F 
M 
7 
10 
0.262 
0.198 
0.241 
0.197 
Length 0.109 0.080 y = 0.355x + 0.029 
As 
F 
M 
7 
10 
0.269 
0.264 
0.233 
0.128 
Weight  0.077 0.062 y = 0.145x + 0.251 
F 
M 
7 
10 
0.817 
0.188 
0.005 
0.211 
Length 0.109 0.726 y = - 4.669x + 6.236 
Cd F 
M 
7 
10 
0.835 
0.204 
0.004 
0.190 
Weight  0.090 0.763 y = - 1.434x + 2.049 
F 
M 
7 
10 
0.605 
0.164 
0.040 
0.245 
Length 0.072 0.124 y = -3.11x + 3.861 
Pb 
F 
M 
7 
10 
0.561 
0.221 
0.053 
0.170 
Weight  0.093 0.129 y = -0.954x + 1.069 
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Figure 8.2a.  The relationship of metals in vertebrae of female M. mustelus.  Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.2b.  The relationship of metals in vertebrae of male M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g).   
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Table 8.3.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the gills of M. mustelus (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent Slope P Elevation P Common regression 
F 
M 
7 
9 
0.536 
0.015 
0.062 
0.756 
Length 0.164 0.262 y = 1.705x – 2.791 
Al 
F 
M 
7 
9 
0.544 
0.015 
0.059 
0.750 Weight 0.164 0.247 y = 0.552x – 1.326 
F 
M 
7 
9 
0.708 
0.019 
0.018 
0.721 Length 0.092 0.581 y = -3.145x + 3.618 Cr 
F 
M 
7 
9 
0.696 
0.017 
0.020 
0.736 Weight 0.097 0.601 y = -0.994x + 0.879 
F 
M 
7 
9 
0.140 
0.329 
0.409 
0.106 Length 0.117 0.567 y = -0.011x – 1.086 Mn F 
M 
7 
9 
0.177 
0.311 
0.348 
0.119 Weight 0.097 0.521 y = 0.044x – 1.223 
F 
M 
7 
9 
0.001 
0.484 
0.958 
0.037 Length 0.404 0.413 y = 0.586x + 0.108 Fe F 
M 
7 
9 
0.001 
0.471 
0.953 
0.041 
Weight 0.411 0.413 y = 0.184x + 0.621 
F 
M 
7 
9 
0.742 
0.001 
0.013 
0.994 Length 0.016 -- -- Co 
F 
M 
7 
9 
0.775 
0.000 
0.009 
0.949 
Weight 0.014 -- -- 
F 
M 
7 
9 
0.585 
0.325 
0.045 
0.109 
Length 0.009 -- -- 
Cu 
F 
M 
7 
9 
0.518 
0.317 
0.068 
0.114 Weight 0.013 -- -- 
F 
M 
7 
9 
0.630 
0.508 
0.033 
0.031 Length 0.319 0.539 y = -0.831x + 1.980 Zn F 
M 
7 
9 
0.696 
0.523 
0.020 
0.028 Weight 0.308 0.466 y = -0.271x + 1.280 
F 
M 
7 
9 
0.645 
0.339 
0.030 
0.100 Length 0.709 0.995 y = -1.087x + 2.551 As F 
M 
7 
9 
0.651 
0.345 
0.028 
0.097 Weight 0.728 0.950 y = -0.349x + 1.620 
F 
M 
7 
9 
0.750 
0.037 
0.012 
0.621 Length 0.278 0.389 y = -3.837x + 4.911 Cd F 
M 
7 
9 
0.756 
0.037 
0.011 
0.621 Weight 0.281 0.413 y = -1.232x + 1.623 
F 
M 
7 
9 
0.521 
0.040 
0.067 
0.605 Length 0.074 0.187 y = -4.681x + 6.730 Pb 
F 
M 
7 
9 
0.528 
0.022 
0.064 
0.703 
Weight 0.066 0.190 y = -1.465x + 2.615 
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Figure 8.3a.  The relationship of metals in the gills of female M. mustelus. Brown diamonds: log length; 
purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.3b.  The relationship of metals in the gills of male M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log 
weight (g). 
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Table 8.4.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the jaw of M. mustelus (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent Slope P Elevation P Common regression 
F 
M 
6 
10 
0.235 
0.335 
0.330 
0.080 Length 0.067 0.072 y = -0.454x + 1.083 Al 
F 
M 
6 
10 
0.203 
0.252 
0.370 
0139 Weight 0.115 0.062 y = -0.123x + 0.631 
F 
M 
6 
10 
0.245 
0.285 
0.318 
0.112 Length 0.957 0.862 y = -2.495x + 2.567 Cr 
F 
M 
6 
10 
0.304 
0.330 
0.257 
0.083 Weight 0.957 0.815 y = -0.823x + 0.486 
F 
M 
6 
10 
0.786 
0.466 
0.022 
0.030 
Length 0.740 0.803 y = -1.277x + 1.442 
Mn 
F 
M 
6 
10 
0.814 
0.463 
0.014 
0.030 
Weight 0.603 0.742 y = -0.390x + 0.290 
F 
M 
6 
10 
0.017 
0.708 
0.412 
0.002 
Length 0.944 0.008 -- 
Fe F 
M 
6 
10 
0.212 
0.721 
0.358 
0.002 Weight 0.681 0.007 -- 
F 
M 
6 
10 
0.809 
0.089 
0.015 
0.404 Length 0.169 0.745 y = -6.085x + 8.391 
Co F 
M 
6 
10 
0.886 
0.117 
0.005 
0.333 Weight 0.133 0.718 y = -1.974x + 3.216 
F 
M 
6 
10 
0.145 
0.157 
0.456 
0.257 Length 0.950 0.139 y = 2.694x – 6.296 Cu 
F 
M 
6 
10 
0.183 
0.225 
0.398 
0.166 Weight 0.848 0.100 y = 0.967x – 4.256 
F 
M 
6 
10 
0.396 
0.830 
0.181 
<0.001 Length 0.014 -- -- Z n F 
M 
6 
10 
0.426 
0.789 
0.160 
<0.001 Weight 0.039 -- -- 
F 
M 
6 
10 
0.013 
0.501 
0.831 
0.022 
Length 0.522 0.767 y = -1.030x + 2.214 
As 
F 
M 
6 
10 
0.027 
0.548 
0.757 
0.014 
Weight 0.610 0.798 y = -0.345x + 1.366 
F 
M 
6 
10 
0.762 
0.146 
0.023 
0.277 
Length 0.148 0.985 y = -4.171x + 5.515 
Cd 
F 
M 
6 
10 
0.804 
0.192 
0.016 
0.205 
Weight 0.123 0.997 y = -1.346x + 1.948 
F 
M 
6 
10 
0.009 
0.346 
0.861 
0.073 
Length 0.316 0.954 y = -1.638x + 1.345 
Pb 
F 
M 
6 
10 
0.011 
0.334 
0.845 
0.080 Weight 0.330 0.932 y = -0.497x – 0.141 
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Figure 8.4a.  The relationship of metals in the jaw of female M. mustelus. Brown diamonds: 
log length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log 
weight (g). 
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Figure 8.4b.  The relationship of metals in the jaw of male M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log 
weight (g). 
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Table 8.5. Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the eye lenses of M. mustelus (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
7 
11 
0.691 
0.055 
0.021 
0.488 Length 0.325 0.389 y = -1.716x + 2.755 Al 
F 
M 
7 
11 
0.671 
0.057 
0.024 
0.479 Weight 0.361 0.409 y = -0.560x + 1.307 
F 
M 
7 
11 
0.691 
0.196 
0.020 
0.172 Length 0.256 0.867 y = -3.581x + 5.459 Cr 
F 
M 
7 
11 
0.681 
0.188 
0.022 
0.182 Weight 0.282 0.847 y = -1.154x + 2.398 
F 
M 
7 
11 
0.643 
0.000 
0.030 
0.973 
Length 0.230 0.929 y = -2.117x + 2.669 
Mn 
F 
M 
7 
11 
0.678 
0.002 
0.023 
0.905 
Weight 0.248 0.856 y = -0.770x + 1.100 
F 
M 
7 
11 
0.287 
0.251 
0.216 
0.116 
Length 0.809 0.788 y = -2.861x + 5.212 
Fe F 
M 
7 
11 
0.272 
0.309 
0.230 
0.076 Weight 0.955 0.861 y = -0.972x + 2.902 
F 
M 
7 
11 
0.478 
0.001 
0.086 
0.936 Length 0.204 0.741 y = -2.659x + 3.522 
Co F 
M 
7 
11 
0.489 
0.001 
0.080 
0.938 Weight 0.245 0.830 y = -1.018x + 1.693 
F 
M 
7 
11 
0.574 
0.001 
0.049 
0.937 Length 0.190 0.640 y = -2.345x + 2.905 Cu 
F 
M 
7 
11 
0.574 
0.000 
0.049 
0.962 Weight 0.204 0.673 y = -0.901x + 1.024 
F 
M 
7 
11 
0.425 
0.032 
0.113 
0.597 Length 0.831 0.410 y = -1.305x + 2.539 Zn F 
M 
7 
11 
0.374 
0.040 
0.145 
0.556 Weight 0.773 0.432 y = -0.448x + 1.498 
F 
M 
7 
11 
0.483 
0.118 
0.083 
0.300 
Length 0.017 -- -- 
As 
F 
M 
7 
11 
0.468 
0.140 
0.090 
0.256 
Weight 0.736 0.924 y = -0.683x + 1.843 
F 
M 
7 
11 
0.504 
0.035 
0.074 
0.582 
Length 0.188 0.411 y = -2.486x + 3.672 
Cd 
F 
M 
7 
11 
0.479 
0.049 
0.085 
0.512 
Weight 0.240 0.446 y = -0.836x + 1.641 
F 
M 
7 
11 
0.432 
0.119 
0.109 
0.299 
Length 0.446 0.333 y = -3.056x + 4.764 
Pb 
F 
M 
7 
11 
0.409 
0.123 
0.122 
0.291 Weight 0.503 0.326 y = -0.988x + 2.160 
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Figure 8.5a.  The relationship of metals in the eye lenses of female M. mustelus.  Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.5b.  The relationship of metals in the eye lenses of male M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.6.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the liver of M. mustelus (F: 
Female, M: Male, n = number of samples). 
Metal Sex N R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
7 
10 
0.091 
0.310 
0.512 
0.095 Length 0.138 0.996 y = 0.695x – 1.280 Al 
F 
M 
7 
10 
0.092 
0.280 
0.509 
0.116 Weight 0.153 0.980 y = 0.205x – 0.635 
F 
M 
7 
10 
0.027 
0.006 
0.727 
0.838 Length 0.730 0.708 y = -0.078 – 1.093 Cr 
F 
M 
7 
10 
0.049 
0.005 
0.633 
0.842 Weight 0.678 0.688 y = 0.005x – 1.242 
F 
M 
7 
10 
0.273 
0.291 
0.228 
0.107 
Length 0.928 0.371 y = -2.368x + 3.417 
Mn 
F 
M 
7 
10 
0.309 
0.304 
0.195 
0.099 
Weight 0.837 0.367 y = -0.746x + 1.344 
F 
M 
7 
10 
0.047 
0.093 
0.642 
0.390 
Length 0.852 0.315 y = -1.278x + 3.745 
Fe F 
M 
7 
10 
0.064 
0.107 
0.585 
0.356 Weight 0.893 0.296 y = -0.428x + 2.696 
F 
M 
7 
10 
0.581 
0.112 
0.047 
0.345 Length 0.480 0.210 y = -3.345x + 4.134 
Co F 
M 
7 
10 
0.562 
0.135 
0.052 
0.296 Weight 0.498 0.208 y = -1.048x + 1.189 
F 
M 
7 
10 
0.522 
0.552 
0.067 
0.014 Length 0.613 0.409 y = -5.065x + 8.716 Cu 
F 
M 
7 
10 
0.522 
0.643 
0.067 
0.005 Weight 0.609 0.387 y = -1.609x + 4.317 
F 
M 
7 
10 
0.286 
0.194 
0.217 
0.202 Length 0.637 0.177 y = -2.377x + 4.627 Zn F 
M 
7 
10 
0.321 
0.216 
0.185 
0.176 Weight 0.569 0.167 y = -0.760x + 2.577 
F 
M 
7 
10 
0.254 
0.282 
0.249 
0.115 
Length 0.961 0.356 y = -3.235x + 6.547 
As 
F 
M 
7 
10 
0.278 
0.329 
0.224 
0.083 
Weight 0.934 0.330 y = -1.052x + 3.802 
F 
M 
7 
10 
0.098 
0.010 
0.495 
0.779 
Length 0.696 0.385 y = 0.923x – 2.025 
Cd 
F 
M 
7 
10 
0.062 
0.010 
0.591 
0.786 
Weight 0.769 0.351 y = 0.237x -1.072 
F 
M 
7 
10 
0.023 
0.023 
0.747 
0.675 
Length 0.884 0.178 y = -0.935x + 0.603 
Pb 
F 
M 
7 
10 
0.029 
0.046 
0.717 
0.550 Weight 0.902 0.157 y = -0.360x – 0.039 
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Figure 8.6a.  The relationship of metals in the liver of female M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.6b.  The relationship of metals in the liver of male M. mustelus. Brown diamonds: log length; 
purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Aluminium
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Table 8.7.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in muscle tissue of M. mustelus (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
6 
10 
0.151 
0.202 
0.447 
0.193 Length 0.567 0.736 y = -2.152x + 5.106 Al 
F 
M 
6 
10 
0.139 
0.180 
0.466 
0.222 Weight 0.641 0.682 y = -0.627x + 3.085 
F 
M 
6 
10 
0.073 
0.066 
0.606 
0.474 Length 0.432 0.418 y = 0.595x – 2.339 Cr 
F 
M 
6 
10 
0.068 
0.096 
0.617 
0.383 Weight 0.396 0.365 y = 0.253x – 1.996 
F 
M 
6 
10 
0.164 
0.138 
0.425 
0.291 
Length 0.778 0.632 y = -0.858x + 1.089 
Mn 
F 
M 
6 
10 
0.173 
0.120 
0.412 
0.326 
Weight 0.854 0.589 y = -0.250x + 0.283 
F 
M 
6 
10 
0.148 
0.221 
0.452 
0.170 
Length 0.839 0.847 y = -1.721x + 4.439 
Fe F 
M 
6 
10 
0.143 
0.215 
0.461 
0.178 Weight 0.885 0.808 y = -0.518x + 2.865 
F 
M 
6 
10 
0.153 
0.031 
0.444 
0.627 Length 0.834 0.441 y = -0.860x – 0.480 
Co F 
M 
6 
10 
0.076 
0.052 
0.596 
0.529 Weight 0.995 0.431 y = -0.277x – 1.218 
F 
M 
6 
10 
0.004 
0.064 
0.909 
0.482 Length 0.744 0.429 y = -0.576x + 0.965 Cu 
F 
M 
6 
10 
0.018 
0.070 
0.800 
0.461 Weight 0.826 0.301 y = -0.200x + 0.314 
F 
M 
6 
10 
0.599 
0.106 
0.071 
0.359 Length 0.078 0.155 y = -0.044x + 0.785 Zn F 
M 
6 
10 
0.667 
0.102 
0.047 
0.368 Weight 0.067 0.151 y = -0.014x + 0.747 
F 
M 
6 
10 
0.262 
0.558 
0.299 
0.013 
Length 0.549 0.519 y = -2.107x + 4.198 
As 
F 
M 
6 
10 
0.259 
0.625 
0.303 
0.006 
Weight 0.537 0.481 y = -0.675x + 2.383 
F 
M 
6 
10 
0.122 
0.007 
0.498 
0.824 
Length 0.604 0.235 y = 0.671x – 2.039 
Cd 
F 
M 
6 
10 
0.136 
0.011 
0.472 
0.769 
Weight 0.588 0.221 y = 0.227x – 1.492 
F 
M 
6 
10 
0.289 
0.010 
0.271 
0.784 
Length 0.145 0.751 y = 1.169x –3.102 
Pb 
F 
M 
6 
10 
0.224 
0.011 
0.344 
0.773 Weight 0.195 0.822 y = 0.273x – 1.823 
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Figure 8.7a.  The relationship of metals in muscle tissue of female M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.7b.  The relationship of metals in muscle tissue of male M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.8.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the spleen of M. mustelus (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
7 
11 
0.653 
0.034 
0.028 
0.585 Length 0.631 0.352 y = -1.645x + 2.635 Al 
F 
M 
7 
11 
0.593 
0.022 
0.043 
0.664 Weight 0.603 0.403 y = -0.450x + 0.996 
F 
M 
7 
11 
0.083 
0.003 
0.532 
0.864 Length 0.547 0.734 y = 0.361x – 2.858 Cr 
F 
M 
7 
11 
0.093 
0.017 
0.507 
0.702 Weight 0.449 0.697 y = 0.017x – 2.277 
F 
M 
7 
11 
0.002 
0.294 
0.934 
0.085 
Length 0.315 0.105 y = -1.100x + 0.507 
Mn 
F 
M 
7 
11 
0.002 
0.310 
0.928 
0.075 
Weight 0.301 0.097 y = -0.355x – 0.437 
F 
M 
7 
11 
0.170 
0.001 
0.358 
0.934 
Length 0.233 0.060 y = 0.963x – 1.425 
Fe F 
M 
7 
11 
0.176 
0.002 
0.349 
0.900 Weight 0.225 0.058 y = 0.309x – 0.594 
F 
M 
7 
11 
0.026 
0.000 
0.731 
0.962 Length 0.714 0.965 y = -0.579x – 1.483 
Co F 
M 
7 
11 
0.019 
0.000 
0.768 
0.974 Weight 0.780 0.969 y = -0.204x – 1.933 
F 
M 
7 
11 
0.292 
0.584 
0.211 
0.006 Length 0.914 0.818 y = -1.017x + 0.499 Cu 
F 
M 
7 
11 
0.256 
0.602 
0.246 
0.005 Weight 0.844 0.737 y = -0.315x – 0.407 
F 
M 
7 
11 
0.942 
0.514 
0.001 
0.013 Length 0.834 0.660 y = -1.748x + 3.047 Zn F 
M 
7 
11 
0.903 
0.499 
0.004 
0.015 Weight 0.877 0.754 y = -0.540x + 1.482 
F 
M 
7 
11 
0.264 
0.269 
0.297 
0.102 
Length 0.110 0.128 y = 0.362x + 0.013 
As 
F 
M 
7 
11 
0.256 
0.266 
0.306 
0.105 
Weight 0.701 0.662 y = -0.590x + 2.249 
F 
M 
7 
11 
0.004 
0.001 
0.890 
0.944 
Length 0.865 0.572 y = -0.094x – 2.011 
Cd 
F 
M 
7 
11 
0.001 
0.000 
0.938 
0.978 
Weight 0.951 0.578 y = -0.057x – 2.02 
F 
M 
7 
11 
0.030 
0.039 
0.712 
0.561 
Length 0.813 0.536 y = 1.322x – 4.076 
Pb 
F 
M 
7 
11 
0.052 
0.028 
0.621 
0.621 Weight 0.671 0.524 y = 0.448x – 3.000 
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Figure 8.8a.  The relationship of metals in the spleen of female M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.8b.  The relationship of metals in the spleen of male M. mustelus. Brown diamonds: log 
length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.9.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the stomach lining of M. 
mustelus (F: Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent Slope P Elevation P Common regression 
F 
M 
6 
12 
0.896 
0.332 
0.004 
0.050 Length 0.343 0.389 y = -3.867x + 6.401 Al 
F 
M 
6 
12 
0.880 
0.349 
0.006 
0.043 Weight 0.311 0.412 y = -1.209x + 2.984 
F 
M 
6 
12 
0.929 
0.392 
0.002 
0.029 Length 0.453 0.929 y = -4.989x + 7.872 Cr 
F 
M 
6 
12 
0.964 
0.451 
<0.001 
0.017 Weight 0.418 0.900 y = -1.629x + 3.651 
F 
M 
6 
12 
0.479 
0.047 
0.128 
0.497 
Length 0.215 0.869 y = -2.037x + 2.645 
Mn 
F 
M 
6 
12 
0.523 
0.074 
0.104 
0.392 
Weight 0.198 0.817 y = -0.703x + 1.025 
F 
M 
6 
12 
0.285 
0.055 
0.275 
0.465 
Length 0.167 0.746 y = -0.083x + 1.415 
Fe F 
M 
6 
12 
0.190 
0.069 
0.388 
0.408 Weight 0.220 0.657 y = -0.116x + 1.588 
F 
M 
6 
12 
0.702 
0.017 
0.037 
0.687 Length 0.120 0.919 y = -4.502x + 6.607 
Co F 
M 
6 
12 
0.761 
0.043 
0.023 
0.517 Weight 0.115 0.835 y = -1.639x + 3.259 
F 
M 
6 
12 
0.386 
0.343 
0.188 
0.045 Length 0.736 0.831 y = -3.937x + 5.955 Cu 
F 
M 
6 
12 
0.340 
0.382 
0.224 
0.032 Weight 0.681 0.826 y = -1.267x + 2.577 
F 
M 
6 
12 
0.149 
0.325 
0.450 
0.053 Length 0.373 0.311 y = -1.661x + 3.678 Zn F 
M 
6 
12 
0.107 
0.324 
0.526 
0.054 Weight 0.375 0.332 y = -0.513x + 2.194 
F 
M 
6 
12 
0.053 
0.191 
0.662 
0.155 
Length 0.747 0.048 -- 
As 
F 
M 
6 
12 
0.018 
0.247 
0.801 
0.100 
Weight 0.305 0.459 y = -0.208x + 1.311 
F 
M 
6 
12 
0.859 
0.226 
0.008 
0.119 
Length 0.113 0.700 y = +6.055x + 9.641 
Cd 
F 
M 
6 
12 
0.909 
0.289 
0.003 
0.071 
Weight 0.091 0.640 y = -2.018x + 4.630 
F 
M 
6 
12 
0.718 
0.226 
0.033 
0.119 
Length 0.547 0.941 y = -4.895x + 7.649 
Pb 
F 
M 
6 
12 
0.714 
0.289 
0.034 
0.071 Weight 0.580 0.991 y = -1.645x + 3.637 
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Figure 8.9a.  The relationship of metals in the stomach lining of female M. mustelus. Brown diamonds: 
log length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight 
(g). 
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Figure 8.9b.  The relationship of metals in the stomach lining of male M. mustelus.  Brown diamonds: 
log length; purple squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight 
(g). 
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3.2.  Squalus megalops. 
Specimens from sites that were not significantly different from each other with regards to metal 
concentration in specific tissue types were combined (Chapter 5); see Table 8.10.    
Table 8.10.  Sampling sites (from Fig. 5.1) for which the metal concentrations were combined 
before determining the length and weight relationships with metal concentration in different 
tissue types of S. megalops. 
 Al  Cr Mn Fe Co Cu Zn As Cd Pb 
Vertebrae 1,3,4,5,6,7 1,3,4,5,6,7 1 to 6 3 to 7  1 to 7 1,3,4,5,6,7 3 to 7 3 to 7 1 to 7 1 to 7 
Gills 3,4,5,6 3 to 7 1 to 6 3 to 7  1,3,4,5,6,7 3 to 7 3 to 7 1 to 7 3 to 7 1 to 7 
Gonads 1 to 7  1 to 7 1 to 7 1 to 7  1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 
Jaw 3 to 7  1 to 7 1 to 6 1 to 7  1 to 7 3 to 7 3 to 7 3 to 7 1 to 7 1 to 7 
Lens 1 to 7  3 to 7 1 to 7 1 to 7  1 to 7 3 to 7 1 to 7 1 to 7 1 to 7 1 to 7 
Liver 3 to 7  1,3,4,5,6,7 1 to 7 3 to 7  3 to 7 3 to 7 3 to 7 3 to 7 1 to 7 1 to 7 
Muscle 1,3,4,5,6,7 3 to 7 3 to 7 3 to 7  3 to 7 3 to 7 3 to 7 3 to 7 3 to 7 2 to 7 
Spleen 1 to 7  1 to 7 1 to 7 1,3,4,5,6,7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 1 to 7 
Stomach 1 to 7  1 to 7 1 to 7 1 to 7  3 to 7 1,2,4,5 3 to 7 1 to 7 2 to 7 1 to 7 
 
The results of the length/weight – metal concentration for S. megalops are summarised in Table 
8.11.  Table 8.12 to Table 8.20 gives the result of the linear regressions for the ten metals in the 
different tissue types.  The regressions are visually  represented in Fig. 8.10 to Fig. 8.18.  Results of 
the length/weight –  metal concentration regressions for females are represented in Fig. 8.Xa and the 
males in Fig. 8.Xb.  The linear relationships between the metal concentration in egg mass (yolk) 
and th e length and weight of the female are represented in Fig. 8.21.  Fig. 8.22 illustrates the linear 
relationship between the metal concentration in pups and the length and weight of females. 
3.2.1.  Length and weight – concentration regressions for males and  females. 
Using length as the independent variable there were significant positive regressions between length 
and metal concentrations in females for (1) vertebrae (Table 8.12, Fig. 8.10a): Al (P < 0.001) and 
Mn (P < 0.001), (2) gills (Table 8.13, Fig. 8.11):  Mn (P = 0.007) and As (P = 0.020), (3) jaw (Table 
8.14, Fig. 8.12a): Mn (P = 0.032), (4) liver (Table 8.16, Fig. 8.14a): Al (P = 0.011), Mn (P < 0.001), 
Cd (P = 0.002), (5) muscle (Table 8.17, Fig. 8.15a): Mn (P < 0.001), (6) spleen (Table 8.18, Fig. 
8.16a): As (P = 0.039), (7) stomach content (Table 8.19, Fig. 8,17a): Al (P = 0.014) and (8) pups 
(Fig. 9.22): Al (P = 0.010), Cr (P = 0.015), Fe (P = 0.022), Co (P = 0.001), Cu (P = 0.001), Zn (P = 
0.003) and As (P = 0.011).   
No significant positive regressions were reported for males between length and metal concentration 
in any of the tissue types (P > 0.05, Table 8.12 to Table 8.20, Fig. 8.10b to 8.18b).  Significant 
negative regressions between length and metal concentration in females were reported in (1) 
vertebrae (Table 8.12, Fig. 8.10a): Fe (P = 0.036), (2) gills (Table 8.13, Fig. 8.11a): Fe (P = 0.001), 
Co (P = 0.027) and Cd (P = 0.017), (3) jaw (Table 8.14, Fig. 8.12a): Co (P = 0.002), Cu (P = 0.027) 
and Zn (P = 0.006), (4) lens (Table 8.15, Fig. 8.13a): Cr (P = 0.004), Fe (P = 0.022), Co (P = 0.025), 
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Cu (P = 0.044) and Zn (P = 0.012), (5) stomach content (Table 8.19, Fig. 8.17a) and Co (P = 0.003) 
and (6) gonads (Table 8.20, Fig. 8.18a): Cr (P = 0.01), Mn (P = 0.020), Co (P = 0.038), Cu (P < 
0.001) and Cd (P = 0.016).  
In males the length and metal concentration regressions were significantly negatively correlated in 
(1) vertebrae (Table 8.12, Fig. 8.10b): Fe (P < 0.001), Co (P = 0.002), Cu (P = 0.026) and As (P = 
0.002), (2) gills (Table 8.13, Fig. 8.11b): Co (P < 0.001) and Cu (P = 0.014), (3) jaw (Table 8.14, 
Fig. 8.12b): Fe (P = 0.030), Co (P < 0.001), Cu (P = 0.008), Cd (P = 0.035) and Pb (P = 0.019), (5) 
eye lenses (Table 8.15, Fig. 8.13b): Fe (P = 0.012), Co (P = 0.007) and Pb (P = 0.013), (6) stomach 
content (Table 8.19, Fig. 8.17b): Co (P = 0.016), (7) gonads (Table 8.20, Fig. 8.18b): Al (P = 
0.024), Cr (P = 0.012), Mn (P = 0.015), Fe (P = 0.011), Co (P = 0.002), Cu (P = 0.015) and Cd (P = 
0.005) and (8) muscle (Table 8.17, Fig. 8.15b): Co (P = 0.020) and Cd (P = 0.033).   
Weight – concentration relationships in the different tissue types of males were different from the 
length – concentration relationship in that there were no significant relationships using weight as the 
independent variable for the following tissue types for males: (Cu in vertebra P = 0.053, Table 8.12. 
Fig. 8.10b), Fe in jaw (P = 0.61, Table 8.14, Fig. 8,12b), Mn in gonads (P = 0.072, Table 8.20, Fig. 
8,18b) and in Cd in muscle tissue (P = 0.064, Table 8.17, Fig. 8.15b).  Female’s weight – metal 
concentration regressions were not significantly correlated in Cu concentration in eye lens (P = 
0.070, Table 8.15, Fig. 8,13b).  
3.2.2.   Comparisons between male and female regressions using length or weight concentration 
relationships. 
There were significant differences between the slopes of the length – metal concentration 
regressions of males and females in the following tissue types: vertebrae (Table 8.12): Fe (P = 
0.025), Co (P – 0.012), As (P < 0.001), gills (Table 8.13): Co (P = 0.032), jaw (Table 8.14): Co (P = 
0.011), muscle (Table 8.17) Co (P = 0.039) and Cd (P = 0.044).  The following length – metal 
concentration regressions of males and females were significantly different in the elevation of the 
trend line: As in jaw (P = 0.013, Table 8.14) Copper (P = 0.046) and Cd (P = 0.027) in eye lenses 
(Table 8.15), Cr (P = 0.048) and Pb (P = 0.007) in livers (Table 8.16) and in Al (P < 0.001), Cr (P = 
0.029), Co (P < 0.001) and Cd (P = 0.004) in gonads (Table 8.20). Weight –  metal concentration 
regressions were significantly different in the slopes of the regression trend lines of males and 
females for (1) Fe (P = 0.032), Co (P = 0.024) and As (P = 0.001) in vertebrae (Table 8.12), (2) Co 
(P = 0.026) in gills (Table 8.13), (3) Co (P = 0.001 in jaw (Table 8.14) and (4) Co (P = 0.047) in 
muscle tissue (Table 8.17).  The elevations of the weight – metal concentrations for males and 
females were significantly different from each other for (1) Cd (P = 0.028) in eye lenses (Table 
8.15), (2) Pb (P = 0.006) in liver (Table 8.16) and (3) Al (P < 0.001), Cr (P = 0.014), Co (P < 0.001) 
and Cd (P = 0.002) in gonads (Table 8.20).  No significant differences in the trend lines (weigh or 
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length vs. metal concentration) between males and females were detected in the spleen (Table 8.18) 
and stomach content (Table 8.19).   
Table 8.11.  Summary of the significant length/weight– metal concentration regressions for M. 
mustelus in different tissue types (From Table 8.2 –  Table 8.9 and Fig. 8.2 – Table 8.9).  M: 
Male, F: Female; L: Length, W: Weight; Level of significance: * 0.05 > P = 0.01, ** 0.01 > P = 
0.001, *** P < 0.001; (N) negative relationship, (P) positive relationship (Highlighted). 
Tissue  Sex L/W Al Cr Mn Fe Co C u Zn As Cd Pb 
M L 
W 
   *** (N) 
*** (N) 
** (N) 
** (N) 
* (N) 
 
 ** (N) 
** (N) 
  
Vertebrae 
F L 
W 
*** (P) 
*** (P)  
 *** (P) 
*** (P) 
* (N) 
* (N) 
      
M L 
W 
    *** (N) 
*** (N) 
* (N) 
* (N) 
    
Gills 
F L W   
** (P) 
** (P) 
** (N) 
** (N) 
* (N) 
* (N)   
* (N) 
* (N) 
* (N) 
* (N)  
M L 
W 
   * (N) 
 
*** (N) 
*** (N) 
** (N) 
* (N) 
  * (N) 
* (N) 
* (N) 
* (N) Jaw 
F L 
W 
  * (P)  
* (P)  
 ** (N) 
** (N) 
* (N) 
* (N) 
** (N) 
** (N) 
   
M L 
W 
 ** (N) 
** (N) 
 * (N) 
* (N) 
** (N) 
* (N) 
    * (N) 
* (N) Eye lens 
F L 
W 
   * (N) 
* (N) 
* (N) 
* (N) 
* (N) 
 
* (N) 
* (N) 
   
M L 
W 
          
Liver 
F L 
W 
* (P)  
** (P) 
 *** (P) 
*** (P) 
     ** (P)  
*** (P) 
 
M L 
W 
    * (N) 
* (N) 
   * (N) 
 
 
Muscle 
F L 
W 
  *** (P) 
*** (P) 
       
M L 
W 
          
Spleen 
F L 
W 
       * (N) 
* (N) 
  
M L W     
* (N) 
* (N)      Stomach lining 
F L 
W 
* (P)  
* (P)  
   ** (N) 
** (N) 
     
M L 
W 
* (N) 
* (N) 
* (N) 
* (N) 
* (N) 
 
* (N) 
* (N) 
** (N) 
** (N) 
* (N) 
 
  ** (N) 
* (N) 
 
Gonads 
F L 
W 
 * (N) 
* (N) 
* (N) 
* (N) 
 * (N) 
* (N) 
*** (N) 
** (N) 
  * (N) 
* (N) 
 
Egg mass F            
Embryo F L 
W 
* (P)  
* (P)  
* (P) 
** (P)  
* (N) 
 
* (P) 
* (P) 
* (P) 
***P) 
**(P)  
* ** (P) 
** (P) 
** (P) 
* (P) 
** (P) 
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Table 8.12.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in vertebrae of S. megalops (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent Slope P Elevation P Common regression 
F 
M 
48 
30 
0.287 
0.110 
<0.001 
0.730 Length 0.993 0.580 y = 3.182x - 4.954 Al 
F 
M 
48 
30 
0.289 
0.105 
<0.001 
0.800 Weight 0.973 0.690 y = 1.014x - 2.399 
F 
M 
49 
30 
0.001 
0.085 
0.861 
0.119 Length 0.364 0.607 y = -0.594x - 0.358 Cr 
F 
M 
49 
30 
0.001 
0.075 
0.883 
0.144 Weight 0.384 0.612 y = -0.168x - 0.890 
F 
M 
45 
29 
0.239 
0.005 
<0.001 
0.724 
Length 0.153 0.913 y = 2.324x - 3.857 
Mn 
F 
M 
45 
29 
0.232 
0.016 
<0.001 
0.517 
Weight 0.269 0.788 y = 0.755x - 2.031 
F 
M 
43 
29 
0.102 
0.488 
0.036 
<0.001 
Length 0.025 -- -- 
Fe F 
M 
43 
29 
0.112 
0.461 
0.028 
<0.001 Weight 0.032 -- -- 
F 
M 
56 
35 
0.047 
0.249 
0.109 
0.002 Length 0.012 -- -- 
Co F 
M 
56 
35 
0.048 
0.210 
0.104 
0.006 Weight 0.024 -- -- 
F 
M 
49 
30 
0.102 
0.165 
0.924 
0.026 Length 0.144 0.194 y = -0.562x - 0.167 Cu 
F 
M 
49 
30 
0.000 
0.127 
0.891 
0.053 Weight 0.206 0.196 y = -0.164x - 0.658 
F 
M 
43 
29 
0.073 
0.005 
0.079 
0.713 Length 0.686 0.578 y = -0.757x + 1.485 Z n F 
M 
43 
29 
0.083 
0.008 
0.061 
0.642 Weight 0.737 0.518 y = -0.264x + 0.935 
F 
M 
43 
29 
0.084 
0.295 
0.060 
0.002 
Length <0.001 -- -- 
As 
F 
M 
43 
29 
0.071 
0.284 
0.084 
0.003 
Weight 0.001 -- -- 
F 
M 
56 
35 
0.002 
0.027 
0.778 
0.348 
Length 0.488 0.432 y = -0.543x - 0.226 
Cd 
F 
M 
56 
35 
0.001 
0.008 
0.837 
0.606 
Weight 0.714 0.475 y = -0.106x - 0.835 
F 
M 
56 
35 
0.006 
0.081 
0.559 
0.098 
Length 0.185 0.849 y = -1.340x + 1.644 
Pb 
F 
M 
56 
35 
0.010 
0.053 
0.494 
0.184 Weight 0.320 0.864 y = -0.403x + 0.507 
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Figure 8.10a.  The relationship of metals in vertebrae of female S. megalops.  Blue diamonds: log 
length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.10b.  The relationship of metals in vertebrae of male S. megalops. Blue diamonds: log length; 
green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.13.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in gills of S. megalops (F: Female, 
M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent Slope P Elevation P Common regression 
F 
M 
34 
23 
0.017 
0.037 
0.468 
0.381 Length 0.817 0.261 y = -0.703x + 1.135 Al 
F 
M 
34 
23 
0.016 
0.028 
0.479 
0.445 Weight 0.855 0.252 y = -0.209x + 0.533 
F 
M 
43 
29 
0.079 
0.087 
0.068 
0.175 Length 0.800 0.615 y = -1.833x + 1.662 Cr 
F 
M 
43 
29 
0.077 
0.079 
0.071 
0.222 Weight 0.853 0.655 y = -0.567x + 0.145 
F 
M 
46 
29 
0.037 
0.114 
0.007 
0.785 
Length 0.261 0.231 y = 2.11x – 3.618 
Mn 
F 
M 
46 
29 
0.037 
0.085 
0.007 
0.573 
Weight 0.402 0.293 y = 0.704x – 1.995 
F 
M 
43 
29 
0.197 
0.210 
0.001 
0.076 
Length 0.802 .094 y = -1.590x – 3.547 
Fe F 
M 
43 
29 
0.192 
0.200 
0.001 
0.115 Weight 0.896 0.082 y = -0.493x + 2.236 
F 
M 
49 
30 
0.270 
0.496 
0.027 
<0.001 Length 0.032 -- -- 
Co F 
M 
49 
30 
0.251 
0.458 
0.038 
<0.001 Weight 0.026 -- -- 
F 
M 
43 
29 
0.026 
0.215 
0.142 
0.014 Length 0.442 0.644 y = -1.482x + 1.502 Cu 
F 
M 
43 
29 
0.031 
0.177 
0.124 
0.031 Weight 0.561 0.601 y = -0.469x + 0.302 
F 
M 
43 
29 
0.035 
0.040 
0.072 
0.496 Length 0.977 0.382 y = -0.846x + 1.908 Z n F 
M 
43 
29 
0.029 
0.038 
0.082 
0.493 Weight 0.979 0.362 y = -0.264x + 1.215 
F 
M 
55 
35 
0.098 
0.022 
0.020 
0.301 
Length 0.911 0.452 y = 1.734x – 1.963 
As 
F 
M 
55 
35 
0.097 
0.028 
0.020 
0.229 
Weight 0.938 0.397 y = 0.566x – 0.605 
F 
M 
43 
29 
0.188 
0.082 
0.017 
0.099 
Length 0.914 0.355 y = -2.648x + 3.013 
Cd 
F 
M 
43 
29 
0.161 
0.058 
0.026 
0.145 
Weight 0.940 0.344 y = -0.785x + 0.735 
F 
M 
55 
35 
0.019 
0.126 
0.313 
0.218 
Length 0.402 0.142 y = -1.274x + 1.561 
Pb 
F 
M 
55 
35 
0.013 
0.126 
0.411 
0.250 Weight 0.397 0.153 y = -0.348x + 0.387 
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Figure 8.11a.  The relationship of metals in gills of female S. megalops. Blue diamonds: log length; 
green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.11b.  The relationship of metals in gills of male S. megalops.  Blue diamonds: log length; green 
squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.14.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the jaw of S. megalops (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
42 
29 
0.034 
0.009 
0.237 
0.618 
Length 0.828 0.922 y = 1.069x – 1.491 
Al 
F 
M 
42 
29 
0.027 
0.016 
0.296 
0.509 Weight 0.992 0.907 y = 0.325x – 0.591 
F 
M 
88 
35 
0.017 
0.036 
0.222 
0.276 Length 0.659 0.670 y = -1.133x + 0.635 Cr 
F 
M 
88 
35 
0.013 
0.020 
0.294 
0.420 Weight 0.778 0.655 y = -0.230x – 0.432 
F 
M 
44 
29 
0.105 
0.010 
0.032 
0.613 Length 0.428 0.562 y = 1.905x – 3.104 Mn F 
M 
44 
29 
0.106 
0.018 
0.031 
0.490 Weight 0.527 0.634 y = 0.626x – 1.624 
F 
M 
53 
35 
0.059 
0.136 
0.081 
0.030 Length 0.155 0.832 y = -1.630x + 3.262 Fe F 
M 
53 
35 
0.059 
0.102 
0.081 
0.061 
Weight 0.247 0.815 y = -0.491x + 1.879 
F 
M 
53 
35 
0.167 
0.353 
0.002 
<0.001 Length 0.011 -- -- Co 
F 
M 
53 
35 
0.168 
0.343 
0.002 
<0.001 
Weight 0.011 -- -- 
F 
M 
44 
29 
0.112 
0.236 
0.027 
0.008 
Length 0.320 0.268 y = -2.251x + 2.555 
Cu 
F 
M 
44 
29 
0.116 
0.187 
0.023 
0.019 Weight 0.435 0.242 y = -0.704x + 0.713 
F 
M 
44 
29 
0.150 
0.048 
0.009 
0.255 Length 0.575 0.998 y = -1.379x = 2.691 Zn F 
M 
44 
29 
0.167 
0.047 
0.006 
0.261 Weight 0.544 0.892 y = -0.465x + 1.648 
F 
M 
44 
29 
0.000 
0.055 
0.911 
0.219 Length 0.407 0.013 -- As F 
M 
44 
29 
0.003 
0.041 
0.739 
0.290 Weight 0.455 0.183 y = -0.107x + 0.545 
F 
M 
54 
35 
0.029 
0.128 
0.221 
0.035 Length 0.332 0.301 y = -1.351x + 1.102 Cd F 
M 
54 
35 
0.026 
0.115 
0.247 
0.046 Weight 0.350 0.296 y = -0.407x – 0.043 
F 
M 
54 
35 
0.045 
0.155 
0.124 
0.019 Length 0.131 0.379 y = -2.452x + 3.344 Pb 
F 
M 
43 
35 
0.034 
0.133 
0.183 
0.032 
Weight 0.149 0.394 y = -0.696x + 1.154 
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Figure 8.12a.  The relationship of metals in the jaws of female S. megalops.  Blue diamonds: log length; 
green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.12b.  The relationship of metals in the jaws of male S. megalops. Blue diamon ds: log length; 
green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.15.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the eye lenses of S. megalops (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
53 
33 
0.008 
0.029 
0.516 
0.340 
Length 0.527 0.191 y = 0.831x – 1.155 
Al 
F 
M 
53 
33 
0.015 
0.059 
0.389 
0.173 Weight 0.343 0.246 y = 0.358x – 0.731 
F 
M 
41 
28 
0.195 
0.107 
0.004 
0.089 Length 0.884 0.879 y = -2.716x + 3.752 Cr 
F 
M 
41 
28 
0.196 
0.082 
0.004 
0.139 Weight 0.786 0.935 y = -0.855x + 1.544 
F 
M 
53 
33 
0.009 
0.009 
0.488 
0.593 Length 0.987 0.936 y = -0.721x + 0.873 Mn F 
M 
53 
33 
0.008 
0.002 
0.543 
0.808 Weight 0.892 0.921 y = -0.186x + 0.180 
F 
M 
53 
33 
0.099 
0.186 
0.022 
0.012 Length 0.155 0.318 y = -2.650x + 5.007 Fe F 
M 
53 
33 
0.086 
0.147 
0.034 
0.027 
Weight 0.212 0.328 y = -0.768x + 2.678 
F 
M 
53 
33 
0.095 
0.214 
0.025 
0.007 Length 0.127 0.054 y = -2.622x + 3.849 Co 
F 
M 
53 
33 
0.092 
0.186 
0.027 
0.012 
Weight 0.160 0.053 y = -0.801x + 1.654 
F 
M 
53 
33 
0.077 
0.034 
0.044 
0.307 
Length 0.812 0.046 -- 
Cu 
F 
M 
53 
33 
0.063 
0.027 
0.070 
0.358 Weight 0.813 0.051 y = -0.444x + 0.704 
F 
M 
53 
33 
0.116 
0.015 
0.012 
0.358 Length 0.623 0.401 y = -1.999x + 3.578 Zn F 
M 
53 
33 
0.097 
0.013 
0.023 
0.498 Weight 0.730 0.409 y = -0.585x + 1.837 
F 
M 
53 
33 
0.039 
0.011 
0.154 
0.555 Length 0.919 0.427 y = 1.168x – 1.634 As F 
M 
53 
33 
0.047 
0.021 
0.118 
0.423 Weight 0.948 0.527 y = 0.422x – 0.822 
F 
M 
53 
33 
0.043 
0.098 
0.135 
0.076 Length 0.465 0.027 -- Cd F 
M 
53 
33 
0.034 
0.102 
0.184 
0.070 Weight 0.388 0.028 -- 
F 
M 
53 
33 
0.033 
0.184 
0.191 
0.013 Length 0.178 0.718 y = -2.006x + 3.229 Pb 
F 
M 
53 
33 
0.021 
0.153 
0.305 
0.024 
Weight 0.187 0.677 y = -0.533x + 1.340 
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Figure 8.13a.  The relationship of metals in the eye lenses of female S. megalops.  Blue diamonds: log 
length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.13b.  The relationship of metals in the eye lenses of male S. megalops. Blue diamonds: log 
length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.16 .  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the liver of S. megalops (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
45 
28 
0.142 
0.021 
0.011 
0.465 
Length 0.454 0.179 y = 2.103x – 3.584 
Al 
F 
M 
45 
28 
0.150 
0.011 
0.009 
0.598 Weight 0.376 0.221 y = 0.677x – 1.914 
F 
M 
45 
28 
0.050 
0.030 
0.139 
0.377 Length 0.845 0.048 -- Cr 
F 
M 
45 
28 
0.035 
0.017 
0.222 
0.513 Weight 0.910 0.057 y = 0.479x – 2.392 
F 
M 
44 
27 
0.287 
0.007 
<0.001 
0.687 Length 0.132 0.719 y = 2.782x – 5.281 Mn F 
M 
44 
27 
0.276 
0.016 
<0.001 
0.536 Weight 0.218 0.837 y = 0.889x – 3.058 
F 
M 
39 
28 
0.017 
0.090 
0.425 
0.121 Length 0.163 0.626 y = 0.912x – 0.763 Fe F 
M 
39 
28 
0.014 
0.087 
0.510 
0.127 
Weight 0.156 0.612 y = 0.273x + 0.015 
F 
M 
39 
28 
0.026 
0.041 
0.323 
0.304 Length 0.652 0.984 y = -1.099x + 0.514 Co 
F 
M 
39 
28 
0.032 
0.033 
0.277 
0.353 
Weight 0.734 0.515 y = -0.363x – 0.335 
F 
M 
39 
28 
0.011 
0.014 
0.396 
0.304 
Length 0.464 0.349 y = -0.282x – 0.348 
Cu 
F 
M 
39 
28 
0.012 
0.015 
0.430 
0.353 Weight 0.451 0.364 y = -0.097x – 0.556 
F 
M 
39 
28 
0.027 
0.000 
0.318 
0.935 Length 0.721 0.726 y = -0.453x + 0.644 Zn F 
M 
39 
28 
0.024 
0.000 
0.347 
0.962 Weight 0.725 0.717 y = -0.136x + 0.258 
F 
M 
39 
28 
0.007 
0.000 
0.614 
1.000 Length 0.842 0.721 y = -0.323x + 0.750 As F 
M 
39 
28 
0.009 
0.002 
0.573 
0.839 Weight 0.998 0.683 y = -0.145x + 0.598 
F 
M 
52 
28 
0.061 
0.015 
0.002 
0.513 Length 0.906 0.110 y = 1.442x – 3.300 Cd F 
M 
52 
28 
0.077 
0.018 
<0.001 
0.502 Weight 0.893 0.090 y = 0.516x – 2.287 
F 
M 
52 
33 
0.020 
0.013 
0.055 
0.521 Length 0.374 0.007 -- Pb 
F 
M 
52 
33 
0.019 
0.003 
0.056 
0.771 
Weight 0.516 0.006 -- 
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Figure 8.14a.  The relationship of metals in the liver of female S. megalops.  Blue diamonds: log length; 
green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.14b.  The relationship of metals in the liver of male S. megalops. Blue diamonds: log length; 
green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.17.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in muscle tissue of S. megalops (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent Slope P Elevation P Common regression 
F 
M 
46 
29 
0.019 
0.004 
0.358 
0.748 
Length 0.981 0.660 y = 0.841x – 0.664 
Al 
F 
M 
46 
29 
0.019 
0.007 
0.359 
0.687 Weight 0.925 0.629 y = 0.282x – 0.024 
F 
M 
42 
28 
0.030 
0.013 
0.273 
0.563 Length 0.313 0.564 y = 0.727x – 2.568 Cr 
F 
M 
42 
28 
0.032 
0.009 
0.260 
0.641 Weight 0.360 0.534 y = 0.260x – 2.060 
F 
M 
51 
33 
0.252 
0.0495 
<0.001 
0.213 Length 0.388 0.611 y = 3.504x – 5.901 Mn F 
M 
51 
33 
0.240 
0.065 
<0.001 
0.153 Weight 0.544 0.718 y = 1.116x – 3.085 
F 
M 
42 
28 
0.000 
0.003 
0.934 
0.791 Length 0.776 0.609 y = 0.036x + 1.021 Fe F 
M 
42 
28 
0.001 
0.004 
0.880 
0.745 
Weight 0.710 0.617 y = 0.004x + 1.069 
F 
M 
48 
32 
0.009 
0.168 
0.519 
0.020 Length 0.039 -- -- Co 
F 
M 
48 
32 
0.0049 
0.148 
0.638 
0.030 
Weight 0.047 -- -- 
F 
M 
42 
28 
0.019 
0.012 
0.380 
0.573 
Length 0.868 0.967 y = 0.479x – 1.347 
Cu 
F 
M 
42 
28 
0.016 
0.024 
0.418 
0.427 Weight 0.672 0.997 y = 0.161x – 0.985 
F 
M 
42 
28 
0.003 
0.000 
0.739 
0.950 Length 0.926 0.602 y = 0.172x + 0.245 Z n F 
M 
42 
28 
0.003 
0.000 
0.715 
0.982 Weight 0.857 0.611 y = 0.054x + 0.386 
F 
M 
42 
26 
0.005 
0.054 
0.650 
0.068 Length 0.087 0.568 y = -0.271x + 0.714 As F 
M 
42 
26 
0.006 
0.060 
0.635 
0.098 Weight 0.344 0.031 -- 
F 
M 
42 
28 
0.021 
0.163 
0.363 
0.033 Length 0.044 -- -- Cd F 
M 
42 
28 
0.021 
0.126 
0.359 
0.064 Weight 0.068 0.050 y = 0.059x – 1.022 
F 
M 
49 
32 
0.002 
0.021 
0.784 
0.428 Length 0.629 0.997 y = -0.645x + 0.289 Pb 
F 
M 
49 
32 
0.001 
0.012 
0.840 
0.555 
Weight 0.716 0.980 y = -0.152x – 0.367 
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Figure 8.15a.  The relationship of metals in muscle tissue of female S. megalops.  Blue diamonds: log 
length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.15b.  The relationship of metals in muscle tissue of male S. megalops. Blue diamonds: log 
length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.18.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in the spleen of S. megalops (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
45 
31 
0.001 
0.021 
0.815 
0.440 
Length 0.433 0.543 y = -0.476x + 0.926 
Al 
F 
M 
45 
31 
0.002 
0.018 
0.776 
0.474 Weight 0.474 0.537 y = -0.148x + 0.535 
F 
M 
45 
31 
0.001 
0.037 
0.834 
0.302 Length 0.288 0.784 y = -0.458x – 0.758 Cr 
F 
M 
45 
31 
0.004 
0.019 
0.678 
0.461 Weight 0.379 0.873 y = 0.001x – 1.508 
F 
M 
45 
31 
0.025 
0.035 
0.302 
0.313 Length 0.199 0.351 y = 0.640x – 1.765 Mn F 
M 
45 
31 
0.019 
0.016 
0.370 
0.500 Weight 0.340 0.371 y = 0.210x – 1.267 
F 
M 
45 
31 
0.032 
0.052 
0.239 
0.216 Length 0.521 0.207 y = -1.486x + 2.838 Fe F 
M 
45 
31 
0.027 
0.049 
0.279 
0.232 
Weight 0.499 0.204 y = -0.441x + 1.661 
F 
M 
45 
31 
0.002 
0.121 
0.758 
0.055 Length 0.118 0.992 y = -1.268x + 0.834 Co 
F 
M 
45 
31 
0.001 
0.098 
0.841 
0.086 
Weight 0.145 0.962 y = -0.329x – 0.377 
F 
M 
45 
31 
0.000 
0.021 
0.895 
0.434 
Length 0.472 0.872 y = -0.196x – 0.566 
Cu 
F 
M 
45 
31 
0.001 
0.011 
0.846 
0.575 Weight 0.571 0.832 y = -0.017x – 0.842 
F 
M 
45 
31 
0.006 
0.021 
0.614 
0.439 Length 0.370 0.823 y = 0.085x + 0.077 Zn F 
M 
45 
31 
0.007 
0.023 
0.580 
0.416 Weight 0.341 0.842 y = 0.038x + 0.116 
F 
M 
45 
31 
0.095 
0.016 
0.039 
0.501 Length 0.685 0.271 y = 1.645x – 2.151 As F 
M 
45 
31 
0.089 
0.007 
0.046 
0.650 Weight 0.689 0.971 y = 0.489x – 0.698 
F 
M 
45 
31 
0.000 
0.042 
0.919 
0.267 Length 0.374 0.675 y = -0.637x – 0.258 Cd F 
M 
45 
31 
0.000 
0.024 
0.957 
0.402 Weight 0.489 0.648 y = -0.142x –0.930 
F 
M 
45 
31 
0.033 
0.055 
0.233 
0.204 Length 0.728 0.552 y = -1.768x + 1.960 Pb 
F 
M 
45 
31 
0.028 
0.039 
0.272 
0.286 
Weight 0.785 0.555 y = -0.503x + 0.383 
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Figure 8.16a.  The relationship of metals in the spleen of female S. megalops.  Blue diamonds: log 
length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Figure 8.16b.  The relationship of metals in the spleen of male S. megalops.  Blue diamonds: log length; 
green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight (g). 
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Table 8.19.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for mal es and females in the stomach contents of S. 
megalops (F: Female, M: Male, n = number of samples). 
Metal Sex n R2 Regression P Independent  Slope P Elevation P Common regression 
F 
M 
47 
35 
0.126 
0.008 
0.014 
0.605 
Length 0.093 0.775 y = 1.697x – 2.365 
Al 
F 
M 
47 
35 
0.128 
0.003 
0.014 
0.768 Weight 0.133 0.693 y = 0.572x – 1.081 
F 
M 
47 
35 
0.010 
0.062 
0.499 
0.149 Length 0.317 0.816 y = 1.059x – 2.298 Cr 
F 
M 
47 
35 
0.009 
0.077 
0.517 
0.107 Weight 0.239 0.860 y = 0.350x –1.481 
F 
M 
47 
35 
0.053 
0.001 
0.119 
0.875 Length 0.553 0.086 y = 1.395x – 2.523 Mn F 
M 
47 
35 
0.052 
0.005 
0.123 
0.685 Weight 0.727 0.105 y = 0.480x – 1.494 
F 
M 
47 
35 
0.004 
0.009 
0.672 
0.595 Length 0.482 0.577 y = 0.044x + 1.242 Fe F 
M 
47 
35 
0.003 
0.007 
0.716 
0.639 
Weight 0.538 0.580 y = 0.012x + 1.283 
F 
M 
37 
29 
0.221 
0.197 
0.003 
0.016 Length 0.357 0.386 y = -2.756x + 3.966 Co 
F 
M 
37 
29 
0.235 
0.193 
0.002 
0.017 
Weight 0.359 0.312 y = -0.898x + 1.804 
F 
M 
25 
12 
0.003 
0.001 
0.788 
0.932 
Length 0.982 0.371 y = 0.225x – 0.451 
Cu 
F 
M 
25 
12 
0.001 
0.006 
0.892 
0.807 Weight 0.799 0.372 y = 0.061x – 0.243 
F 
M 
37 
29 
0.074 
0.008 
0.103 
0.653 Length 0.790 0.961 y = -0.946x + 2.211 Zn F 
M 
37 
29 
0.073 
0.007 
0.106 
0.659 Weight 0.805 0.998 y = -0.301x + 1.450 
F 
M 
47 
35 
0.009 
0.030 
0.533 
0.323 Length 0.776 0.054 y = 0.549x – 0.097 As F 
M 
47 
35 
0.007 
0.029 
0.585 
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Figure 8.17a.  The relationship of metals in the stomach contents of female S. megalops.  Blue 
diamonds: log length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and 
log weight (g). 
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Figure 8.17b.  The relationship of metals in the stomach contents of male S. megalops. Blue diamonds: 
log length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight 
(g). 
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Table 8.20.  Results of the comparison of the regressions of heavy metals using length and 
weight as the independent variables for males and females in gonad tissue of S. megalops (F: 
Female, M: Male, n = number of samples). 
Metal Sex n R2  Regression 
P 
Independent  Slope P Elevation P Common regression 
F 
M 
14 
23 
0.0961 
0.2199 
0.280 
0.024 
Length 0.229 <0.001 -- 
Al 
F 
M 
14 
23 
0.0418 
0.177 
0.483 
0.046 Weight 0.136 <0.001 -- 
F 
M 
14 
23 
0.4053 
0.2634 
0.014 
0.012 Length 0.886 0.029 -- Cr F 
M 
14 
23 
0.4133 
0.1822 
0.013 
0.042 Weight 0.725 0.014 -- 
F 
M 
14 
23 
0.3749 
0.2517 
0.020 
0.015 Length 0.482 0.187 y = -11.505x + 18.382 Mn F 
M 
14 
23 
0.3182 
0.1456 
0.036 
0.072 Weight 0.470 0.127 y = -2.855x + 7.035  
F 
M 
14 
23 
0.1701 
0.2678 
0.143 
0.011 Length 0.171 0.072 y = -6.279x + 11.248 Fe 
F 
M 
14 
23 
0.0976 
0.2114 
0.277 
0.027 
Weight 0.103 0.054 y = -1.479x + 4.846 
F 
M 
14 
23 
0.3118 
0.3775 
0.038 
0.002 
Length 0.1707 <0.001 -- 
Co 
F 
M 
14 
23 
0.3101 
0.2928 
0.039 
0.008 
Weight 0.123 <0.001 -- 
F 
M 
14 
23 
0.6534 
0.2522 
<0.001 
0.015 
Length 0.416 0.903 y = -11.396x + 18.293 
Cu 
F 
M 
14 
23 
0.5946 
0.1507 
0.001 
0.067 Weight 0.921 0.567 y = -3.133x + 7.848 
F 
M 
14 
23 
0.1351 
0.0383 
0.215 
0.371 Length 0.857 0.163 y = -3.616x + 6.740 Zn F 
M 
14 
23 
0.1063 
0.0261 
0.255 
0.462 Weight 0.993 0.126 y = -0.996x + 3.430 
F 
M 
14 
23 
0.1181 
0.03 
0.229 
0.429 Length 0.878 0.550 y = -4.048x + 7.458 As F 
M 
14 
23 
0.0858 
0.0373 
0.309 
0.378 Weight 0.806 0.456 y = -1.174x + 3.908 
F 
M 
14 
23 
0.3924 
0.3131 
0.016 
0.005 Length 0.698 0.004 -- 
Cd F 
M 
14 
23 
0.3967 
0.209 
0.021 
0.028 Weight 0.558 0.002 -- 
F 
M 
14 
23 
0.0111 
0.1055 
0.720 
0.130 Length 0.479 0.084 y = -4.307x + 6.762 Pb 
F 
M 
14 
23 
0.0024 
0.109 
0.867 
0.124 
Weight 0.300 0.0727 y = -0.996x + 2.323 
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Figure 8.18a.  The relationship of metals in gonads (Ovaries) of female S. megalops.  Blue diamonds: 
log length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight 
(g). 
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Figure 8.18b.  The relationship of metals in gonad tissue (Testes) of male S. megalops. Blue diamonds: 
log length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and log weight 
(g). 
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Figure 8.19.  The relationship of metals in the egg mass (yolk) present in mature female S. megalops.  
Blue diamonds: log length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) 
and log weight (g). 
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Figure 8.20.  The relationship of metals in the embryos present in mature female S. megalops. Blue 
diamonds: log length; green squares: log weight. Y: log concentration (ppm), X: log length (cm) and 
log weight (g). 
 
Aluminium
y = 9.9881x - 16.594
R2 = 0.6944
n = 8
P = 0.010
SE = 0.332
y = 3.1997x - 8.7102
R2 = 0.6672
n = 8
P = 0.013
SE = 0.347
-1.00
-0.50
0.00
0.50
1.00
1.50
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Chromium
y = 13.035x - 22.671
R2 = 0.6517
n = 8
P = 0.015
SE = 0.478
y = 4.4778x - 13.26
R2 = 0.7199
n = 8
P = 0.008
SE = 0.428
-2.50
-2.00
-1.50
-1.00
-0.50
0.00
0.50
1.00
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Cadmium
y = 1.4316x - 2.6296
R
2
 = 0.0286
n = 8
P = 0.689
SE = 0.418
y = 0.5237x - 1.6888
R2 = 0.0359
n = 8
P = 0.653
SE = 0.416
-0.60
-0.40
-0.20
0.00
0.20
0.40
0.60
0.80
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Lead
y = 1.4316x - 2.6296
R2 = 0.0286
n = 8
P = 0.689
SE = 0.418
y = 0.5237x - 1.6888
R2 = 0.0359
n = 8
P = 0.653
SE = 0.416
-0.60
-0.40
-0.20
0.00
0.20
0.40
0.60
0.80
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Cobalt
y = 8.3361x - 14.692
R
2
 = 0.6186
n = 8
P = 0.001
SE = 0.430
y = 2.762x - 8.3783
R2 = 0.6358
n = 8
P < 0.001
SE = 0.360
-1.50
-1.00
-0.50
0.00
0.50
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Copper
y = 20.471x - 35.346
R
2
 = 0.8505
n = 8
P = 0.001
SE = 0.430
y = 6.863x - 20.076
R
2
 = 0.895
n = 8
P < 0.001
SE = 0.360-3.00
-2.50
-2.00
-1.50
-1.00
-0.50
0.00
0.50
1.00
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Manganese
y = -9.395x + 16.192
R
2
 = 0.532
n = 8
P = 0.040
SE = 0.442
y = -2.5796x + 7.5268
R
2
 = 0.3755
n = 8
P = 0.106
SE = 0.510
-1.00
-0.50
0.00
0.50
1.00
1.50
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Iron
y = 8.4472x - 13.273
R
2
 = 0.6104
n = 8
P = 0.022
SE = 0.338
y = 2.7075x - 6.6097
R2 = 0.5871
n = 8
P = 0.027
SE = 0.348
0.00
0.50
1.00
1.50
2.00
2.50
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Zinc
y = 9.8036x - 15.793
R
2
 = 0.7859
n = 8
P = 0.003
SE = 0.256
y = 3.2853x - 8.476
R2 = 0.8263
n = 8
P = 0.002
SE = 0.231
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Arsenic
y = 7.9221x - 11.932
R2 = 0.6838
n = 8
P = 0.011
SE = 0.270
y = 2.7845x - 6.3958
R2 = 0.7908
n = 8
P = 0.003
SE = 0.220
0.00
0.50
1.00
1.50
2.00
2.50
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
 200 
3.3.  Differences in metal concentration in different life stages. 
Male and female data from the sampling sites as specified in Table 8.10 were combined as an 
ANOVA test (Chapter 5) indicated that the metal concentrations in the different tissue types of the 
sharks from the respected sampling sites were not significantly different from each other.  Gonads 
were found only in males greater than 35 cm and in females greater than 34 cm.  Smaller specimens 
were thus considered “immature” and the rest of the animals (females > 34 cm and males > 35 cm) 
were thus considered to be sexually as mature.  Males and females were distinguished by the 
presence (males) or absence (females) of claspers at the anal opening.  
The male and female data for each of the life stages were combined (descriptive statistics in Table 
8.21) and analysed using the ANOVA test from the SIGMASTAT program, with the life stages as 
the source of variation (Table 8.23).  If significant differences between life stages were determined 
by the ANOVA test, the Tukey test was used to determine exactly which life stages were different 
from each other (Table 2.24).  Three different tissue types for the mature and immature life stages 
were used, namely vertebrae, liver and muscle, as these are also tissues types that are utilized by 
humans as a source of protein (muscle), vitamin A and E (liver) and in pharmaceutical products 
(vertebrae) (Kroese and Sauer, 1998). 
Emb ryos had the highest concentration of metal of the different life stages for al the metals (Table 
8.21) except for Al (31.291 ppm) and Mn (18.953 ppm) that had the highest concentration in mature 
sharks (Table 8.21).  Fig. 8.21 illustrates the relationship (decrease or increase) of metals in the 
different life stages from egg yolk to mature.  Most of the comparisons illustrated a zigzag pattern 
increasing from egg yolk to embryo then decreasing to immature and increasing again in the mature 
stage. The relationships of metals in the different tissues from lowest to highest metal concentration 
are summarised in Table 8.22.  In vertebrae the lowest metal concentration ranged between the 
mature (Cr, Fe, Zn, As), immature (Al, Mn, Cu, Cd) and yolk (Pb), with the highest concentration 
usually in embryos except for Al and Mn which was the highest in the mature stage (Table 8.22, 
Fig. 8.21).  The lowest concentrations in liver were in the immature stage (Al, Cr, Mn, Fe, Co, Cd, 
Pb) and the mature stage (Cu, Zn, As) (Table 8.22, Fig. 8.21).  In liver the highest manganese 
concentration was in yolk (3.119 ppm), for the other 9 metals it was in embryo (Table 8.22, Fig. 
8.21).  In muscle the lowest concentrations were in yolk (Al, Fe), mature (Cr, Co, As, Cd) and 
immature (Mn, Cu, Zn, Pb) stages (Table 8.22, Fig. 8.21).  The highest concentrations in muscle 
were in the mature stage (Al, Mn) and embryo (Cr, Fe, Co, Cu, Zn, As, Cd, Pb) (Table 8.22, Fig. 
8.21).  There was only one example of a positive increase of a metal fro m yolk to mature stage 
namely Al in muscle tissue (Table 8.22, Fig. 9.21).  In the 13 instances where the immature life 
stage had higher concentrations than the mature life stage (Table 8.22, Fig. 8.21), a smooth convex 
relationship were found in (1) Co in vertebrae and muscle, and (2) Fe and Cd in muscle.  This was 
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accomplished due to an increase in concentration from egg yolk to embryo, followed by a decreased 
in concentration from embryo through immature to mature.  It was for only one metal that egg yolk 
had a higher concentration than the embryo and that was for Mn (Table 8.22, Fig. 8.21). 
   
Figure 8.21.  The relationship of metals between the different life stages (Yolk, Embryo, 
Immature and Mature) for the vertebrae, liver and muscle of mature and immature S. 
megalops.  Y – axis: metal concentration (ppm), X – axis life stage. 
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Table 8.21.  The number, average (ppm) and standard deviation of metal concentrations in 
the different life stages (IM: immature, MA: mature).  
Vertebrae Liver Muscle  Yolk Embryo 
IM MA IM MA IM MA 
Al 
N 
Avg 
STD 
27 
1.938 
1.774 
8 
5.703 
3.806 
14 
1.060 
1.073 
65 
5.349 
7.640 
11 
0.766 
0.690 
56 
1.510 
2.734 
14 
15.203 
18.284 
63 
31.291 
81.805 
Cr 
N 
Avg 
STD 
27 
0.278 
0.361 
8 
1.091 
0.969 
14 
0.201 
0.210 
65 
0.136 
0.268 
11 
0.146 
0.277 
62 
0.312 
0.408 
14 
0.136 
0.151 
56 
0.112 
0.190 
Mn 
N 
Avg 
STD 
27 
3.119 
5.069 
8 
2.717 
4.849 
14 
0.638 
0.520 
62 
4.317 
15.331 
11 
0.119 
0.135 
74 
2.012 
5.548 
14 
0.384 
0.401 
56 
18.953 
65.012 
Fe 
N 
Avg 
STD 
27 
15.269 
31.054 
8 
28.161  
27.522 
14 
4.591 
2.682 
58 
3.194 
5.068 
11 
5.971 
4.962 
56 
8.692 
7.235 
14 
26.430 
26.962 
56 
20.544 
24.762 
Co 
N 
Avg 
STD 
27 
0.228 
0.317 
8 
0.699 
0.723 
14 
0.447 
0.658 
65 
0.143 
0.240 
11 
0.103 
0.054 
56 
0.104 
0.093 
14 
0.509 
0.981 
56 
0.225 
0.522 
Cu 
N 
Avg 
STD 
27 
0.922 
0.928 
8 
1.622 
1.025 
14 
0.177 
0.192 
77 
0.351 
0.591 
11 
0.343 
0.325 
56 
0.239 
0.215 
14 
0.354 
0.258 
56 
0.376 
0.352 
Zn 
N 
Avg 
STD 
27 
12.540 
11.875 
8 
17.207  
13.215 
14 
3.486 
2.818 
58 
2.545 
4.682 
11 
1.474 
0.880 
56 
1.055 
0.822 
14 
4.481 
2.919 
56 
4.957 
6.464 
As 
N 
Avg 
STD 
27 
12.275 
16.719 
8 
67.962  
45.956 
14 
6.104 
4.741 
58 
4.280 
2.794 
11 
5.486 
7.904 
56 
3.079 
3.997 
14 
3.410 
2.183 
56 
2.928 
2.398 
Cd 
N 
Avg 
STD 
27 
0.255 
0.348 
8 
1.057 
1.281 
14 
0.222 
0.312 
77 
0.292 
0.793 
11 
0.169 
0.161 
74 
0.963 
1.754 
14 
0.617 
0.633 
56 
0.232 
0.337 
Pb 
N 
Avg 
STD 
27 
0.996 
1.412 
8 
2.826 
2.176 
14 
1.670 
1.677 
77 
1.690 
4.320 
11 
0.158 
0.132 
74 
1.381 
6.127 
14 
0.432 
0.460 
56 
0.891 
1.584 
 
Table 8.22.  Summary of the metal concentration in different tissue types of the life stages 
arranged from the lowest to the highest concentration (Im: immature, Ma: mature, Yo: yolk, 
Em: embryo). 
 Vertebrae Liver Muscle 
Al Im  <  Yo  <  Em  <  Ma Im  <  Ma  <  Yo  <  Em Yo  <  Em  <  Im  <  Ma 
Cr Ma  <  Im  <  Yo  <  Em Im  <  Yo  <  Ma  <  Em Ma  <  Im  <  Yo  <  Em 
Mn Im  <  Em  <  Yo  <  Ma Im  <  Ma  <  Em  <  Yo Im  <  Em  <  Yo  <  Ma 
Fe Ma  <  Im  <  Yo  <  Em Im  <  Ma  <  Yo  <  Em Yo  <  Ma  <  Im  <  Em 
Co Ma  <  Yo  <  Im  <  Em Im  <  Ma  <  Yo  <  Em Ma  <  Yo  <  Im  <  Em 
Cu Im  <  Ma  <  Yo  <  Em Ma  <  Im  <  Yo  <  Em Im  <  Ma  <  Yo  <  Em 
Zn Ma  <  Im  <  Yo  <  Em Ma  <  Im  <  Yo  <  Em Im  <  Ma  <  Yo  <  Em 
As Ma  <  Im  <  Yo  <  Em Ma  <  Im  <  Yo  <  Em Ma  <  Im  <  Yo  <  Em 
Cd Im  <  Yo  <  Ma  <  Em Im  <  Yo  <  Ma  <  Em Ma  <  Yo  <  Im  <  Em 
Pb  Yo  <  Im  <  Ma  <  Em Im  <  Yo  <  Ma  <  Em Im  <  Ma  <  Yo  <  Em 
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ANOVA (Table 8.23) and Tukey test (Table 8.24) revealed no significant differences between the 
life stages for the following metals in the respected tissue types: Al, Mn and Pb (vertebrae), Cr, Mn, 
Fe, Cd and Pb (liver) and Al, Mn, Fe, Co, Cd and Pb (muscle).   
Normality tests determined if the combined data from the different life stages had a normal 
distribution with an alpha level of 0.01 for the level of significance (P value below 0.01 indicates 
that there was not a normal distribution and are highlighted in Table 8.23).  An equal variance test 
with an alpha significance level of 0.01 were set to determine if the data from the different life 
stages had an equal variance (A P value of less than  0.01 indicate that the variance was not equal 
and are highlighted in Table 8.23).  For the ANOVA test the level of significance was 0.05 thus if 
the P value for the source of variation are below 0.05 there is a significant difference between the 
sampling Sites (highlighted in Table 8.23).  The power of the performed test was set at a significant 
level of 0.05 and the resulting Power values below 0.8 should be interpreted with caution 
(highlighted in Table 8.23) as there is a greater chance of committing a Type II error (Zar, 1999).  
The ANOVA test (Table 8.23) revealed significant differences between the metal concentration in 
the different life stages for cartilage tissue in Al (P = 0.018), Cr (P < 0.001), Fe (P < 0.001) Co (P < 
0.001), Cu (P < 0.001), Zn (P < 0.001), As (P < 0.001) and Cd (P = 0.0034).  In the liver there were 
significant differences in the life stages for Al (P < 0.001), Cr (P < 0.001) Fe (P = 0.024), Co (P < 
0.001), Cu (P < 0.001), Zn (P < 0.001) and As (P < 0.001).  In the muscle tissue there were 
significant differences in the life stages (Table 8.23) for Cr (P < 0.001), Cu (< 0.001), Zn (P < 
0.001), As (P < 0.001), Cd (P < 0.001) and Pb (P = 0.004). 
To determine which life stages were significantly different from each other a Tukey test was 
conducted (Table 8.24).  In contrast to the results of the ANOVA no significant differences in the 
metal concentration in the life stages were determined for Al in vertebra (P > 0.05, Table 8.24) and 
for Cr and Fe in liver (P > 0.05, Table 8.24). 
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Table 8.23.  Results of the ANOVA test (SIGMASTAT) to determine if there were significant 
differences between the different life stages. 
Source of variation  Tissue Metal Normality 
a = 0.01 
Equal variance 
a = 0.01 DF F P 
Power of test 
a = 0.05 
Al < 0.001 0.023 3 3.515 0.018 0.604 
Cr < 0.001 < 0.001  3 15.891 < 0.001 1.000 
Mn < 0.001 0.775 3 0.387 0.763 0.049 
Fe < 0.001 0.007 3 6.693 < 0.001 0.951 
Co < 0.001 0.054 3 6.826 < 0.001 0.966 
Cu < 0.001 < 0.001  3 12.820 < 0.001 1.000 
Zn < 0.001  < 0.001  3 16.125 < 0.001 1.000 
As < 0.001 < 0.001  3 43.613 < 0.001 1.000 
Cd < 0.001 0.368 3 2.973 0.034 0.489 
Cartil age 
Pb < 0.001 0.854 3 0.596 0.619 0.049 
Al < 0.001 0.395 3 7.544 < 0.001 0.975 
Cr < 0.001 0.021 3 8.431 < 0.001 0.989 
Mn < 0.001 0.564 3 0.913 0.437 0.049 
Fe < 0.001 0.098 3 3.295 0.024 0.557 
Co < 0.001 < 0.001  3 12.52 < 0.001 1.000 
Cu < 0.001 < 0.001  3 18.445 < 0.001 1.000 
Zn < 0.001 < 0.001  3 24.620 < 0.001 1.000 
As < 0.001 < 0.001  3 41.411 < 0.001 1.000 
Cd < 0.001 0.131 3 2.328 0.078 0.336 
Liver 
Pb < 0.001 0.894 3 0.492 0.689 0.049 
Al < 0.001 0.201 3 1.612 0.191 0.169 
Cr < 0.001 < 0.001  3 18.989 < 0.001 1.000 
Mn < 0.001 0.367 3 1.060 0.370 0.059 
Fe < 0.001 0.722 3 0.778 0.509 0.049 
Co < 0.001 0.399 3 2.333 0.079 0.336 
Cu < 0.001 < 0.001  3 13.333 < 0.001 1.000 
Zn < 0.001 < 0.001  3 8.864 < 0.001 0.992 
As < 0.001 < 0.001  3 45.649 < 0.001 1.000 
Cd < 0.001 0.004 3 7.759 < 0.001 0.979 
Muscle 
Pb < 0.001 0.256 3 4.714 0.004 0.800 
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Table 8.24.  Results of the Tukey test to determine which life stages are significantly different 
from each other (Level of difference: 0.05 > P = 0.01, ** 0.01 > P = 0.001, *** P < 0.001).  
Aluminium 
Chromium 
Yolk Embryo Immature Mature Copper 
Zinc 
Yolk Embryo Immature Mature 
Yolk  -----  NT  NT  NT  Yolk ------  NS ** ** 
Embryo *** ----- NS NT  Embryo NS -------  *** *** 
Immature NT  *** ------  NT  Immature ** *** -------  NS 
Mature NS *** NT  ------ Mature *** *** NS -------  
Manganese 
Iron 
Yolk Embryo Immature Mature Arsen ic 
Cadmium 
Yolk Embryo Immature Mature 
Yolk  --- NT  NT  NT  Yolk ------  *** NT  NS 
Embryo NS ---  NT  NT  Embryo * -------  *** *** 
Immature NS * --- NT  Immature NT  * -------  NT  
Mature * ** NS --- Mature NT  * NS -------  
Cobalt Yolk Embryo Immature Mature Lead Yolk Embryo Immature Mature 
Yolk  --- * NT  NT  Yolk --- NT  NT  NT  
Embryo --- ---  NS *** Embryo --- ---  NT  NT  
Immature --- ---  --- * Immature --- ---  --- NT  
V
er
te
br
ae
 
Mature --- ---  --- --- Mature --- ---  --- --- 
Aluminium 
Chromium Yolk Embryo Immat ure Mature 
Copper 
Zinc Yolk Embryo Immature Mature 
Yolk  ------ ** NS NT  Yolk ------  * * *** 
Embryo NT  -------  *** *** Embryo NS -------  *** *** 
Immature NT  NT  -------  NT  Immature *** *** -------  NS 
Mature NT  NT  NT  ------- Mature *** *** NS -------  
Manganese 
Iron Yolk Embryo Immature Mature 
Arsenic 
Cadmium Yolk Embryo Immature Mature 
Yolk  ------ NT  NT  NT  Yolk ------  *** NT  NS 
Embryo NT  -------  NT  NT  Embryo NT  -------  *** *** 
Immature NT  NS -------  NT  Immature NT  NT  -------  NT  
Mature NT  NT  NT  ------- Mature NT  NT  NT  -------  
Cobalt Yolk Embryo Immature Mature Lead Yolk Embryo Immature Mature 
Yolk  --- *** NS NT  Yolk --- NT  NT  NT  
Embryo --- ---  *** *** Embryo --- ---  NT  NT  
Immature --- ---  --- NT  Immature --- ---  --- NT  
L
iv
er
 
Mature --- ---  --- --- Mature --- ---  --- --- 
Aluminium 
Chromium 
Yolk Embryo Immature Mature Copper 
Zinc 
Yolk Embryo Immature Mature 
Yolk  ------ NT  NT  NT  Yolk ------  * * ** 
Embryo *** -------  NT  NT  Embryo NS -------  *** *** 
Immature *** *** -------  NT  Immat ure * ** -------  NS 
Mature NS *** NT  ------- Mature ** ** NS -------  
Manganese 
Iron 
Yolk Embryo Immature Mature Arsenic 
Cadmium 
Yolk Embryo Immature Mature 
Yolk  ------ NT  NT  NT  Yolk ------  *** NS * 
Embryo NT  -------  NT  NT  Embryo ** -------  *** *** 
Immature NT  NT  -------  NT  Immature NT  NS -------  NS 
Mature NT  NT  NT  ------- Mature NT  *** NS -------  
Cobalt Yolk Embryo Immature Mature Lead Yolk Embryo Immature Mature 
Yolk  --- NT  NT  NT  Yolk --- * NS NT  
Embryo --- ---  NT  NT  Embryo --- ---  ** ** 
Immature --- ---  --- NT  Immature --- ---  --- NT  
M
us
cl
e 
Mature --- ---  --- --- Mature --- ---  --- --- 
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4. Discussion. 
4.1.  Length and weight – concentration regressions (males and females) of S. megalops and M. 
mustelus. 
The regressions of metal concentration with length and weight for both of the species revealed 
significant differences between the two sexes.  S. megalops results indicated more differences 
between the length / weight metal concentration regressions of males and females (13 excluding 
gonads) than M. mustelus (9).  This might be due to the fact that the S. megalops individuals used in 
the investigation ranged in maturity (immature to sexual mature) while all the M. mustelus 
specimens were immature.  Of the nine significant differences in metal relationship with length or 
weight for M. mustelus it was only in jaws that females had significant higher levels of Zn and Fe.  
The significant difference in Al concentration between males and females in gonads of S. megalops 
were also reflected in the significant difference in the elevation of the two regression lines.  There 
are thus two questions that need to be answered: (1) why were the differences in the average metal 
concentration of males and females not reflected in the regressions and (2) why were the significant 
differences in the slope, and occasionally in the y -intercept, observed of the regression but not in the 
average concentrations of males and females?  In general these differences in the metal 
concentration relationship with length may be explained by the differences in growth rates of the 
two sexes as well as physiological differences (Prosi, 1981, Vas et al ., 1990). 
As no data regarding the growth rate of males and females for M. mustelus were found the 
discussion would focus on S. megalops as Watson and Smale (1999) had found differences in the 
growth rate of males and females for this species.  Females had a steady growth rate while males 
had an initially rapid growth rate that slowed down, as the animals grow older.  As the rate of 
uptake of metals are dependent on the growth rate (Vas et al., 1990); the faster the growth rate the 
higher the level of metal accumulation, it would indicate that initially males would accumulate 
higher concentrations of metals due to their faster metabolism but that with length (age) as the rate 
of growth slows down the rate of accumulation would slow down and they might excrete some of 
the metals accumulated during the fast growth years.  For females whose growth rate stays the same 
and at a certain age (length) becomes faster than those of males, the faster growth rate would 
eventually result in higher concentration in females than in males (Chapter 7) and as a result also in 
positive length/weight – concentration regression of the metals that they accumulate.  
Males and females are physiologically different and these differences may also explain the 
difference in the accumulation of metals between the two sexes, as discussed in Chapter 7 (Prosi, 
1981).  Other factors that may result in different metal levels and accumulation of metals between 
males and females are hormone and enzyme levels (Eisler, 1967). 
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4.1.1.  Positive regressions. 
In S. megalops no significant positive relationship between length or weight and metal 
concentration for males were determined while females had 11 positive relationships (excluding 
embryos regressions).  In M. mustelus there were only one positive regression for Fe in the gills of 
males using the length as the independent variable while in females there were two using length and 
two using weight.   
A positive regression would indicate accumulation of the metals in the different tissue types with 
age due to slow excretion rates (Taguchi et al., 1979).  This might be the case with the 
accumulation of Mn (vertebrae, jaw, liver and muscle), Cd (liver) and As (spleen) in female S. 
megalops and for Cu (vertebrae and gills) and Zn (muscle) in female M. mustelus.  Another 
explanation for the positive regression with length is that older sharks are exposed to higher levels 
of the accumulated metal in their food (Marcovecchio et al., 1991).  This however was only seen in 
the positive regression of Al concentration with length in the stomach content of S. megalops.  This 
increase in Al concentration in the food was also represented by the positive regressions in 
vertebrae and liver of female S. megalops indicating that the females are accumulating Al in 
vertebrae and liver.  As shark vertebrae are used in pharmaceutical products (Allinson, Nishikawa 
and Laurenson, 2002) this could become a health problem if the concentration in harvested cartilage 
becomes too high (Chapter 9).  In both species the females also had significant positive regressions 
in muscle tissue (S. megalops Mn; M. mustelus Zn), used as a food source by humans (Compagno, 
1984).  Again the metal levels in these tissue types are important due to human health effects.  Only 
female S. megalops had significant positive regression in liver tissue (Al, Cr, Cd).  This may 
indicate that the females are unable to cope with high levels of metals in their diet and are 
accumulating it in the liver, an important site of detoxification (Boush and Thieleke, 1983).  Livers 
of sharks are of commercial importance as it is used to extract oil for Vitamin A (Kroese and Sauer, 
1998). 
4.1.2.   Negative regressions. 
Most of the significant regressions observed between length/weight and metal concentration for the 
males and females of the two study species were negative.  This would indicate that the metal 
concentration in the different tissue types decrease as the an imals get older.  A possible reason 
could be the slower growth rates of older animals that are also associated with a decrease in metal 
accumulation as discussed above (Vas et al., 1990).  It may also indicate that shark pups are born 
with high levels of metals (Section 4.2) and that they either excrete these metals by various methods 
as described in Chapter 3, or the metal concentration in the whole organism remains the same but 
are distributed over a greater area in different tissue types (Coombs and George, 1978, Eisler, 
1967).  
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Another possible explanation is that segragation of different sexes and sizes of sharks along the 
southeastern coast of South Africa have been reported (Compagno 1984).  Thus smaller sharks may 
grow in an area with hig metal concentrations, thus accumulating higher levels of metals.  As the 
sharks migrate along the coast the may migrate to other areas with lower metal concentrations, 
which would result in a decrease in the metal content of the different tissues. 
4.1.3.   Comparisons with literature. 
Consistent with the literature (Table 8.25) more negative than positive relationships were observed 
and this trend of negative relationships are more common no matter the location, the species or the 
prey species of the different shark species.   
Table 8.25.  An overview of the relationship of metals with length or weight for different 
species as reported by various authors. 
Author Species Metal Tissue Relationship Independent 
Cu Liver Vertebrae 
Negative 
Negative 
Length 
Length Galeus melastromus 
Mn Gill Negative Length Vas & Gordon, 1993 
Etmopterus princeps Mn Vertebrae Positive Length 
Taguchi et al., 1979 Squalus mitsukuri Cu Muscle Negative Length 
Stevens & Brown, 1974 Prionace glauca 
(Blue shark) 
Cu 
Zn 
Liver 
Gonads 
Epigonal 
Negative Weight 
Squalus sp. Zn Muscle Positive Length 
Callorhynchus milii Zn Muscle Negative Length Eustace, 1974 
Galeorhinus australis Zn 
Cu 
Muscle Negative Length 
P. glauca Cd Vertebrae Negative Length 
Vas et al., 1990 Isurus glauca 
(Shortfin mako) 
Cd 
Mn 
Zn 
Vertebrae Negative Length 
Cd Liver Positive Length Mustelus schmitti 
(Gatuzi shark) Zn Muscle Liver Positive Length 
Cd Liver Positive Length 
Marcovecchio et al., 
1991 
Halaeulurus bivius 
(Pintarro shark) Zn Muscle Liver Positive Length 
Eisler, 1967 Carcharhinus milberti (Sandbar shark) 
Zn 
Fe Vertebrae Negative Length 
Watling et al., 1982 
Carcharodon 
carcharias 
(Dusky shark) 
Fe 
Cd 
Cr 
Zn 
Muscle Positive* Length Weight 
*Not significant over all sizes, but significant for bigger (older) sharks. 
4.2.  Comparison of metal levels in different life stages of S. megalops. 
S. megalops have aplacental viviparous reproduction (Compagno, 1990 from Watson and Smale, 
1998) which mean that the nutrients needed by the embryo are provided by the yolk sac and not 
 209 
maternally via a placenta.  As the embryo grows the yolk sac is reduced until there is no longer a 
sign of it on the outside.  In the gut of the embryo however there is yolk that sustains the embryo 
until it is born, or to sustain it after hatching until it is ready to feed (Watson and Smale, 1998).  
Due to the fact that the embryos receive all their nutrition from the egg yolk and not from the 
mother via a placenta one would expect the concentration of metals in the yolk and the embryo to 
be very similar or to decrease with embryo growth as there is only a certain amount of metals that 
can be distributed in the tissues of the embryo (Eisler, 1967).  Unfortunately no distinction between 
embryos with external yolk and internal yolk were made and they were combined as one.  It is 
advised that similar projects in the future should distinguish between the two as it may provide 
better insight into the big difference between the metal concentration present in yolk and the 
embryos tested in the investigation. As a result t he higher metal concentration in the embryos when 
compared to the yolk mass remains a mystery. One possible reason is that the metals present in the 
egg yolk concentrates in the spine in front of the dorsal fin that formed part of the analysed embryo 
tissu e (except for Mn that may be incorporated into the muscle and vertebrae (Table 8.19)).  
Accumulation of metals in cartilaginous tissue have been noted, not only in this study but in others 
as well e.g. Allinson et al., 2002, and as the spine may be just a modification of the calcified tissue 
this may explain the results.  It is thus advisable that the spine of the dorsal fin be studied separately 
(for all life stages) to determine if metals concentrate there.  A study by Taguchi et al. (1979) using 
the muscle tissues of embryos found that embryos of S. mitsukurii  had higher Fe and Cu 
concentration than the immature and mature life stages.  Windom, Stickney, Smith, White and 
Taylor (1973) on the other hand found higher Zn concentrations in whole embryos of S. acanthias 
than in the yolk or in the muscle and liver of the mother which is the same for the study animal.  In 
contrast to this study, Windom et al. (1973) found a higher As concentration in embryos than in the 
liver and muscle of mature sharks, while mu scle tissue of mature sharks had a lower concentration 
of Cd in liver than that what was found in embryos.  It must be stressed that these concentrations 
were only for females that were pregnant and does not take into consideration the metal 
concentrations of other mature males or females.  But it appears that there is a tendency for embryos 
to have a greater metal concentration than the mothers and this was attributed to the higher 
concentrations in the yolk (Taguchi et al., 1979). Though there were no sig nificant relationships in 
metal concentration in egg mass (yolk) and female size, this study did however indicate that there 
are statistically significant relationships between female size and metal concentration in embryos 
(Fig. 8.19).   
The relationship of total metal concentration in vertebrae, liver and muscle of the mature and 
immature life stages indicated that there was an increase of metal concentration from immature to 
mature in 17 of the comparisons and a decrease from immature to mature for the rest (13).  Except 
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for Co in vertebrae (immature highest concentration of the two) there were no significant 
differences between the two life stages. Several aspects need to be studied further to find an 
explanation for the absence of any pattern.  These may include differences in enzyme activity 
between mature and immature stages (Eisler, 1967) and other stress factors such as pregnancy in 
females though no differences were found between pregnant and non -pregnant females of Prionace 
glauca  (Blue shark) (Vas et al., 1990).  These decreases and increases in metal concentration with 
length or age have also been discussed in Section 4.1. 
In conclusion it can be said that there are many unanswered questions for this part of the study and 
that further research needs to be done, especially on different physiological factors such as enzymes 
and membrane pore sizes between life stages to name but a few (Eisler, 1967).  Several questions 
have arisen and all are concerned with the physiological impact and handing of metals by the 
different life stages of sharks.  Areas that need to be studied include the sequestering of metals by 
different tissue types and the types of enzymes involved in the detoxification and distribution of 
metals. 
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Chapter 9.  The concentration of metals in liver, vertebrae and muscle tissue of 
Squalus megalops and Mustelus mustelus.   
 
 
1.  Introduction. 
After a decline in the demand for meat, skins and fins of sharks after the Second World War the 
market for these products now appears to be increasing (Kroese and Sauer, 1998).  In South Africa 
shark exports have grossed around R1.5 million per year in 1981 (Watling, McClurg and Stanton, 
1981).  South Africa is also the only African country that has a directed shark fishery on an 
industrial scale (Kro ese and Sauer, 1998).  Not only is the meat a source of food in Africa, but there 
also exists a high demand and lucrative market for shark fins in Asia (Adams and McMichael, 
1999).  As sharks are one of the top predators in the oceans and with the increasing release of 
pollutants into the ocean it is of considerable interest to determine levels of possible pollutant 
contamination levels of the commercially caught species of sharks, particularly those which are 
consumed as food by humans (Guthrie, Davis, Cherrie and Murray, 1979, Marcovecchio, Moreno 
and Pérez, 1991, Watling, Watling, Stanton, McClurg and Engelbrecht, 1982).   
Due to an increase in the demand for Elasmobranch products and because of sharks’ high trophic 
level it is important to ascertain that the products derived from them are safe for human 
consumption (Rose, 1996 from Kroese and Sauer 1998).  Allinson, Nishikawa and Laurenson 
(2002) studied metal concentration in vertebrae of sharks caught in Australian waters and found 
arsenic concentrations to be above the Australian food standards.  Other studies have focused on the 
metal concentrations (usually mercury) in livers and muscle, while Watling et al., (1981) found 
mercury concentrations in the Mako shark to be too high for human consumption. 
The aim of this chapter is to determine if tissue types used by humans for food or other applications 
(fish oil or pharmaceutical products) are suitable for human consumption namely: (1) liver (as 
Vitamin A and E are extracted for human consumption), (2) vertebrae (incorporated into 
pharmaceutical products (e.g. cartilage supplements) that are used by humans as medicine to treat 
sport injuries and osteoarthritis) and (3) muscle tissue as a food source for humans as either fresh or 
dried meat (Allinson et al. 2002, Compagno, 1984, Holt, 1998, Johnson, 1978).  This chapter is 
different from the previous chapters in that the results presented here represent metal concentrations 
determined by using wet mass, and not the dry mass of the sample, as the maximum allo wable 
standards set by the South African Government are based on analyses expressed in ppm wet weight. 
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2.  Materials and methods. 
Squalus megalops and Mustelus mustelus samples were caught using demersal trawling methods by 
the research vessel Dr. Frodtjof Nansen in May and June, 2000.  Sharks were weighed (g), 
measured for total length (cm) and placed in polyethylene bags and frozen for dissection in the 
laboratory.  After defrosting, sharks were dissected on hexane-cleaned surfaces using hexane-
cleaned equipment.  The liver, muscle tissue and vertebrae were collected with other tissue samples 
for all the individuals and frozen again for digestion at a later stage (please see Chapter 4 for 
details).  Samples were digested using concentrated nitric and perchloric acid after drying overnight 
at 60°C.  The resulting residues were read for metal concentration using an ICP-MS.  The metal 
concentrations (ppm) in the different tissue types were determined by dividing the ppm values (as 
obtained from the ICP-MS) with the wet weight of the sample used, as most of the data from health 
agencies are recorded in ppm wet weight.  Metals detected were aluminium (Al), chromium (Cr), 
manganese (Mn), iron (Fe), cobalt (Co), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd) and 
lead (Pb).  Only one digestion per tissue type per shark were done due to the costs involved.  
 
3.  Results. 
The metal concentrations for the different tissue types were obtained from the same S. megalops 
individuals that were used in Chapter 8, Table 8.10.  Table 9.1 gives the metal concentration range, 
as determined using the wet weight for M. mustelus.  Only juveniles (immature sharks) were 
collected for this species, thus the data is representative only of this specific age group . The highest 
concentration for each metal between the three tissue types is highlighted.  Due to the significant 
higher concentration at sampling Sites 1 and 2 from the concentrations of the other five sampling 
sites (Chapter 5), the data for each of these two sites were studied separately and are presented in 
Table 9.2 together with the combined data from the other sites for mature and immature specimens.  
The maturity of samples was determined in the same manner as in Chapter 8.  Where the South 
African government set no standards for metal concentrations, standards from Australia or 
concentrations known to induce toxicological effects were used (Table 9.3). 
Table 9.1 indicates the metal concentration in liver, vertebrae and muscle tissue of males and 
females of M. mustelus.  The highest average concentrations (highlighted) for Al (5.8428 ppm) and 
Mn (0.0754 ppm) in M. mustelus specimens were in the muscle tissue (Table 9.1).  Liver samples 
had the highest average concentrations for Cr (0.0502 ppm), Fe (11.8821 ppm), Co (0.0153 ppm), 
Cu (0.5868 ppm), Zn (1.0982 p pm), As (3.6731 ppm), Cd (0.1587 ppm) and Pb (0.0507 ppm).  The 
metal concentrations will be discussed in greater detail in Sections 3.1 to 3.7. 
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Table 9.1.  The concentration of the ten metals (in wet ppm) in the liver, muscle and vertebrae 
of the combined data for males and females of M. mustelus (Avg: mean concentration, n: 
number of samples, STD: standard deviation, Min: minimum concentration, Max: maximum 
concentration). 
Tissue 
type  Al Cr Mn Fe Co Cu Zn As Cd Pb 
Vertebrae 
N 
Avg 
STD 
Min 
Max 
18 
0.3664 
0.1643 
0.0067 
0.7427 
18 
0.0070 
0.0069 
0.0001 
0.0218 
18 
0.0470 
0.0172 
0.0091 
0.0751 
18 
0.2336 
0.1522 
0.0031 
0.6795 
18 
0.0071 
0.0083 
0.0000 
0.0264 
18 
0.0089 
0.0048 
0.0012 
0.0157 
18 
0.6845 
0.2788 
0.0064 
1.2163 
18 
1.2352 
0.5529 
0.0301 
2.2639 
18 
0.0116 
0.0156 
0.0005 
0.0507 
18 
0.0143 
0.0148 
0.0012 
0.0486 
Liver 
N 
Avg 
STD 
Min 
Max 
18 
0.4759 
0.8615 
0.0291 
3.7730 
18 
0.0502 
0.0938 
0.0012 
0.3618 
18 
0.0698 
0.0306 
0.0049 
0.1047 
18 
11.8821 
9.6331 
0.0276 
33.3102 
18 
0.0153 
0.0183 
0.0002 
0.0641 
18 
0.5868 
0.9527 
0.0194 
3.4125 
18 
1.0982 
0.5996 
0.0350 
2.0655 
18 
3.6731 
2.8568 
0.1446 
9.3373 
18 
0.1587 
0.1628 
0.0135 
0.6230 
18 
0.0507 
0.0396 
0.0009 
0.1184 
Muscle 
N 
Avg 
STD 
Min 
Max 
17 
5.8428 
3.8817 
0.0033 
13.1044 
17 
0.0117 
0.0095 
0.0011 
0.0369 
17 
0.0754 
0.0342 
0.0037 
0.1275 
17 
6.1914 
4.2142 
0.0013 
15.2150 
17 
0.0028 
0.0031 
0.0006 
0.0120 
17 
0.1180 
0.0692 
0.0017 
0.2412 
17 
0.9012 
0.3925 
0.0028 
1.7104 
17 
0.8147 
0.9040 
0.0132 
3.9644 
17 
0.0291 
0.0240 
0.0017 
0.0958 
17 
0.0222 
0.0177 
0.0003 
0.0677 
 
Aluminium concentrations in mature S. megalops specimens (Table 9.2) were the highest in 
vertebrae at 0.0833 ppm.  The highest concentrations in mature sharks for Cr (0.1994 ppm), Cu 
(0.1462 ppm), As (1.8526 ppm) and Pb (0.8627 ppm) were recorded in the liver, while muscle 
tissue of mature sharks had the highest concentration for Al (6.3533 ppm) and Zn (1.0715 ppm) 
(Table 9.2).  Samples from immature sharks exhibited the highest Zn (0.9237 ppm) and Pb (0.4450 
ppm) concentrations in the vertebrae.  Cr (0.0631 ppm), Cu (0.1357 ppm) and As (2.2251 ppm) 
con centrations were the highest in liver, while Al (3.0919 ppm) and Cd (0.1059 ppm) 
concentrations were the highest in muscle tissue in immature sharks (Table 9.2).  As (15.0926 
ppm), Cd (3.4499 ppm) and Pb (5.5863 ppm) concentrations were the highest in the liver, while Al 
(28.5763 ppm), Cr (0.5506 ppm), Cu (2.9373 ppm) and Zn (23.3566 ppm) concentrations were the 
highest in muscle tissue in sharks collected at sampling Site 1.  Sampling Site 2 specimens had the 
highest Cr (0.4481 ppm), As, (18.7307 ppm), Cd (1.3191 ppm) and Pb (1.6703 ppm) concentrations 
in the liver, and the highest Al (66.4576 ppm), Cu (2.5827 ppm) and Zn (16.3850 ppm) 
concentrations in muscle tissue (Table 9.2).  The concentrations will be discussed in more detail in 
Section 3.1 to 3.7.  
3.1.  Aluminium.  
Acceptable levels of Al in products for human consumption are unfortunately not prescribed by the 
South African Government.  The tabled concentration of Al (1.52 ppm, Table 9.3) may result in 
deleterious effects (if orally consumed), as Al is known to accumulate in brain tissue (Berthon, 
2002).  In M. mustelus muscle samples the average Al concentration (5.8428 ppm, Table 9.1) were 
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above the 1.52 ppm that induce toxic effects when administered orally according to Berthon (2002)  
(Table 9.3).  The Al concentration in the livers of certain individuals was above 1.52 ppm (Table 
9.3) as the maximum concentration reported in liver was 3.7730 ppm (Table 9.1) during the study.   
 The minimum values and averages of Al concentration in the S. megalops individuals (Table 9.2) 
from sampling Sites 1 and 2 were above 1.52 ppm (Table 9.3) in all three the tissue types.  The 
concentration averages for the combined sites for mature and immature specimens (Table 9.2) 
indicated concentrations higher than the value of 1.52 ppm in Table 9.3 for mature specimens in 
vertebrae (1.5777 ppm) and muscle (6.3533 ppm) and in muscle in immature specimens (3.0919 
ppm) (Table 9.2).  Vertebrae (maximum concentration: 10.7604 ppm), liver (maximum 
concentration: 14.0626 ppm) and muscle (maximum concentration: 90.9134 ppm) collected from 
mature sharks (Sites 1 to 7) and from muscle tissue (maximum concentration: 11.5113 ppm) of 
immature shark (Sites 1 to 7) samples exceeded the 1.52 ppm Al concentration considered to be 
toxic (Table 9.3) (Berthon 2002). 
3.2.  Chromium. 
None of the tissue types (vertebrae, liver or muscle) from any of the specimens from both species 
(M. mustelus and S. megalops) have had higher Cr concentration in the three tissue types (Table 9.1 
and Table 9.2) than the 18 to 200 ppm that is known to result in toxicological effects (Table 9.3, 
Portman, 1972).  The maximum Cr concentration in M. mustelus specimens was 0.0218 ppm in 
vertebrae (Table 9.1), 0.3618 ppm in liver and 0.0369 ppm in muscle.  In mature S. megalops 
specimens the Cr concentration in vertebrae tissue ranged from 0.0001 to 0.4249 ppm, from 0.0003 
to 0.9838 ppm in liver and from 0.0002 to 0.5691 ppm in muscle tissue (Table 9.2).  Cr 
concentration in immature sharks ranged from 0.0006 to 0.1404 ppm in vertebrae, 0.0010 to 0.5301 
ppm in liver and < 0.0001 to 0.0754 ppm in muscle (Table 9.2).  The Cr concentration in the 
specimens vertebrae collected from sampling Site 1 ranged in concentration from 2.9417 to 10.7604 
ppm in vertebrae, 0.1679 to 0.3081 ppm in liver and 0.0776 to 1.8389 ppm in muscle (Table 9.2).  
The sharks from sampling Site 2 had Cr concentration ranging from 0.1272 to 1.0262 ppm in 
vertebrae, 0.1892 to 0.8102 ppm in liver and 0.0748 to 0.6849 ppm in muscle tissue (Table 9.2). 
3.3.  Copper. 
Both M. mustelus (Table 9.1) and S. megalops (Table 9.2) specimens have had Cu concentrations in 
all tissue types below the prescribed concentration of 30 ppm by the South African Government 
(See Table 9.3).  The highest Cu concentrations detected in M. mustelus samples were measured at 
0.0157 ppm in vertebrae, 3.4125 ppm in liver and 0.2412 ppm in muscle (Table 9.1).  In S. 
megalops specimens the highest Cu concentration ranged from 0.2174 (sharks at sampling Site 1) – 
0.8914 ppm (sharks at sampling Site 2) in vertebrae, 0.4969 (immature sharks from several 
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sampling sites) – 5.2748 ppm (sharks at sampling Site 2) in liver and 0.2572 (immature sharks from 
several sampling sites) to 15.1127 ppm (sharks at sampling site 2) in muscle tissue (Table 9.2).   
Table 9.2.  The concentration of metals (ppm wet mass) in shark liver, muscle and vertebrae 
caught at sampling Sites 1 and site 2 and the combined data (from several sampling sites, 
Table 8.10) for mature and immature S. megalops specimens (N: number of samples, Avg: 
mean concentration, STD: standard deviation, Min: minimum concentration, Max: maximum 
concentration). 
Tissue 
type 
Mature Immature 
  Al  C r Cu Zn As Cd Pb Al  C r C u Zn As C d Pb 
Vertebrae 
 
N 
Avg 
STD
Min 
Max 
65 
1.5777 
2.3062 
0.0054 
10.7604 
65 
0. 0374 
0.0659 
0.0001 
0.4249 
65 
0.0532 
0.0879 
0.0009 
0.5664 
58 
0.7573 
1.3403 
0.0338 
9.9329 
58 
1.2590 
0.7964 
0.1316 
3.2248 
77 
0.0833 
0.2320 
0.0001 
1.5092 
77 
0.4243 
0.9647 
0.0006 
5.8868 
14 
0.2881 
0.2940 
0.0081 
0.9726 
14 
0.0520 
0.0544 
0.0006 
0.1404 
14 
0.0476 
0.0503 
0.0021 
0.1684 
14 
0.9237 
0.7296 
0.2578 
3.0158 
14 
1.6274 
1.2904 
0.0655 
4.2152 
14 
0.0587 
0.0822 
0.0041 
0.2766 
14 
0.4450 
0.4658 
0.0123 
1.4858 
Liver 
 
N 
Avg 
STD
Min 
Max 
53 
1.0004 
2.0806 
0.0007 
14.0626 
59 
0.1994 
0.2547 
0.0003 
0.9838 
53 
0.1462 
0.1421 
0.0006 
0.5614 
53 
0.6207 
0.5018 
0.0460 
2.1874 
53 
1.8526 
2.4811 
0.0125 
16.2042 
71 
0.6485 
1.2016 
0.0004 
5.7661 
71 
0.8627 
3.6546 
0.0003 
28.3279 
14 
0.3154 
0.3252 
0.0310 
1.2289 
14 
0.0631 
0.1377 
0.0010 
0.5301 
14 
0.1357 
0.1448 
0.0002 
0.4969 
14 
0.5754 
0.3725 
0.0476 
1.3767 
14 
2.2251 
4.0565 
0.0156 
15.9661
14 
0.0779 
0.0679 
0.0019 
0.2254 
14 
0.1124 
0.1005 
0.0002 
0.3473 
Muscle 
 
N 
Avg 
STD
Min 
Max 
63 
6.3533 
16.2711 
0.0381 
90.9134 
56 
0.0309 
0.0818 
0.0002 
0.5691 
56 
0.0869 
0.1018 
0.0074 
0.6787 
56 
1.0715 
1.5489 
0.0399 
11.8797
56 
0.6314 
0.4895 
0.0018 
2.7364 
56 
0.0570 
0.1093 
0.0002 
0.7163 
67 
0.2134 
0.4224 
0.0001 
2.1603 
14 
3.0919 
3.8377 
0.0455 
11.5113 
14 
0.0234 
0.0248 
0.0000 
0.0754 
14 
0.0761 
0.0512 
0.0066 
0.1572 
14 
0.9135 
0.5224 
0.2030 
1.9819 
14 
0.6806 
0.4045 
0.2063 
1.3498 
14 
0.1059 
0.1057 
0.0032 
0.3691 
14 
0.0861 
0.0877 
0.0041 
0.3312 
  Site 1 Site 2 
Vertebrae 
N 
Avg 
STD
Min 
Max 
7 
6.3261 
2.5713 
2.9417 
10.7604 
7 
0.1002 
0.0331 
0.0715 
0.1711 
7 
0.1767 
0.0642 
0.0720 
0.2717 
7 
10.6709
2.7764 
7.1558 
14.1335
7 
14.067 
5.1730 
10.1958 
24.2424 
7 
0.0905 
0.0441 
0.0496 
0.1761 
7 
0.5657 
0.6080 
0.0438 
1.8855 
12 
12.7284 
12.9432 
4.4771 
46.7739 
12 
0.3498 
0.2922 
0.1272 
1.0262 
12 
0.3584 
0.2570 
0.1482 
0.8914 
12 
10.1920 
3.2190 
3.2425 
15.3736 
12 
16.5125
6.2455 
9.3865 
27.0367
12 
0.3128 
0.5180 
0.0080 
1.5092 
12 
0.7666 
0.7651 
0.0518 
2.4458 
Liver 
N 
Avg 
STD
Min 
Max 
6 
2.5721 
0.6138 
1.6444 
3.4597 
6 
0.2106 
0.0499 
0.1679 
0.3081 
6 
1.7319 
0.8452 
0.7870 
2.8910 
6 
9.6728 
3.9238 
3.3075 
14.7311
6 
15.0926 
5.4914 
6.8675 
21.5063 
6 
3.4999 
1.7115 
0.8415 
5.7661 
6 
5.5863 
11.1641 
0.4394 
28.3279 
12 
10.0752 
14.2357 
2.7249 
47.2603 
12 
0.4481 
0.2597 
0.1892 
0.8102 
12 
1.8420 
1.6164 
0.0205 
5.2748 
12 
8.2340 
3.0010 
2.8246 
12.9281 
12 
18.7307
9.3673 
0.3274 
36.5498
12 
1.3912 
1.1752 
0.1236 
4.2495 
12 
1.6703 
3.5826 
0.0022 
12.9537 
Muscle 
N 
Avg 
STD
Min 
Max 
7 
28.5736 
37.6779 
3.0648 
90.9134 
7 
0.5506 
0.6227 
0.0776 
1.8389 
7 
2.9373 
4.3491 
0.5134 
12.7247 
7 
23.3566
10.0111
13.9730
41.0945
7 
9.9048 
3.9069 
4.8838 
13.9084 
7 
0.8476 
0.4223 
0.4656 
1.6209 
7 
2.4000 
2.5751 
0.1988 
7.5892 
11 
66.4576 
96.4662 
2.2817 
325.0123 
11 
0.2664 
0.1974 
0.0748 
0.6849 
11 
2.5827 
4.3442 
0.2282 
15.1127 
11 
16.3850 
6.8618 
9.6343 
30.9831 
11 
12.5214
9.6450 
3.8265 
39.6116
11 
0.9958 
1.1136 
0.1219 
4.1442 
11 
0.5638 
0.5815 
0.0540 
1.5768 
3.4.  Zinc. 
The highest Zn concentrations in the three tissue types of M. mustelus samples were below the 
recommended Zn value of 40 ppm in fish (South African Government, Table 9.3) at 1.2163 ppm 
(vertebrae), 2.0655 ppm (liver) and 1.7104 ppm (muscle).  Only S. megalops individuals caught at 
sampling Site 1 had higher concentrations at 41.0945 ppm (Table 9.2) in muscle tissue than the 
prescribed concentration of 40 ppm in fish (Table 9.3).  In mature specimens (combined sampling 
sites) the Zn concentration ranged from 0.5614 ppm in liver to 0.6787 ppm in muscle tissue (Table 
9.2).  Immature shark samples (for the combined sampling sites) had Zn concentrations that ranged 
from 1.3767 ppm in liver to 3.0158 ppm in vertebrae (Table 9.2).  At sampling Site 2 the highest Zn 
concentration recorded in sharks were in the muscle tissue (30.9831 ppm, Table 9.2). 
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3.5.  Arsenic. 
The highest reported As concentration in M. mustelus specimens’ vertebrae (2.2639 ppm, Table 9.1) 
and muscle (3.9644 ppm, Table 9.1) were above the prescribed value of 1.5 ppm for canned fish 
(South African Government, Table 9.3), thus for certain specimens the maximum allowable As in 
canned fish would be exceeded.   The total As value of 1.14 ppm for Australian fish (Eustace 1974) 
was exceeded by the average As concentration of vertebrae (1.2352 ppm, Table 9.1) and liver 
(3.6731 ppm, Table 9.1).  The prescribed concentration of 0.1 ppm in edible oils set by the South 
African Government (Table 9.3) was exceeded in the liver of all the M. mustelus individuals  
(0.1446 – 9.3373 ppm, Table 9.1). 
S. megalops As averag es (Table 9.2) for mature specimen livers (1.8526 ppm) and immature 
specimens vertebrae (1.6274 ppm) and liver (2.2251 ppm) exceeded the prescribed value of 1.5 by 
the South African Government (Table 9.3) as did the reported concentrations of sharks from 
sampling Sites 1 and 2 for all three tissue types (Table 9.2).  At sampling Site 1 (Table 9.2) the 
range of As concentration in vertebrae (10.1958 – 24.2424 ppm), liver (6.8675 – 21.5.63 ppm) and 
muscle (4.8838 – 13.9084 ppm) from examined specimens, were all higher than the prescribed 
value, while for sampling Site 2 (Table 9.2) the range of As concentration in the vertebrae (9.3865 – 
27.0367 ppm) and muscle (3.8265 –  39.6116 ppm) of the sharks were all higher than the tables 
value of 1.5 ppm in fish as prescribed by the South African Government (Table 9.3).  In addition to 
the values mentioned above, the concentration of 1.14 ppm for As (Australian Government, Table 
9.3) was exceeded by the As concentration averages of mature vertebrae (1.2590 ppm, Table 9.2) 
and for some immature individuals in muscle tissue (1.3489 ppm).  The concentration prescribed for 
edible oils (0.1 ppm, South African Government, Table 9.3), were exceeded in the liver of all the 
mature sharks (minimum concentration: 1.2016 ppm).  Some immature individuals (maximum 
concentration: 16.9661 ppm) from the combined sites and all the individuals examined from 
sampling Sites 1 (concentration range: 96.865 – 21.5063 ppm) and 2 (concentration range: 0.3274 – 
36.5498 ppm) (Table 9.2) were above the prescribed concentration of 0.1 ppm (Table 9.2). 
3.6.  Cadmium. 
None of the M. mustelus juveniles have had Cd concentrations higher than the prescribed 1 ppm in 
fish (South African Government, Table 9.3) in any of the three tissue types.  The highest Cd 
concentrations recorded were 0.0507 ppm in vertebrae, 0.06230 ppm in liver and 0.0958 ppm in 
muscle tissue (Table 9.1).  
Mature S. megalops specimens had higher Cd concentrations than the prescribed 1 ppm (Table 9.3), 
in vertebrae (1.5092 ppm) and liver (5.7661) (Table 9.2).  Some individuals from sampling Sites 1 
and 2 also had higher concentrations than the prescribed 1 ppm in the three tissue types as the 
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highest Cd concentrations recorded ranged from 1.6209 ppm in muscle to 5.7619 ppm in liver at 
sampling Site 1.  At sampling Site 2 Cd concentration ranged from 1.5092 ppm (vertebrae) to 
4.2495 ppm in liver (Table 9.2).  
3.7.  Lead. 
None of the M. mustelus samples (Table 9.1) exceeded the prescribed value of 4 ppm set by the 
South African Government in fish (Table 9.3).  Some mature specimens (Table 9.2) of S. megalops 
had higher concentrations than the prescribed 4 ppm (Table 9.3) in vertebrae (maximum 
concentration of 5.8868 ppm) and in liver (maximum concentration of 28.3279 ppm).  Sampling 
Site 1 individuals had higher Cd concentration than the prescribed 4 ppm (Table 9.3) in liver 
(average 5.5863 ppm) and muscle (maximum concentration 7.5892 ppm) and sampling Site 2 
individuals had higher Cd concentrations in liver (maximum concentration 12.9537 ppm). 
Table 9.3.  Maximum allowable metal concentration in food (fish) in South Africa (mg/kg) 
and seafood in Australia (personal communication: Sgananda Jikijela Department of Health 
South Africa, Allinson et al., 2002, Berthon, 2002, Lord, 1985 & Portman, 1972). 
Country  Tissue type Al Cr Cu Zn As Cd Pb 
Canned fish  --- --- 30 40 1.5 1 4 South Africa (mg/kg or ppm)  
-No mention of wet/dry mass Edible oils  --- --- --- --- 0.1 --- --- 
-- Oral administration 1.52* --- --- --- --- --- --- 
Australia (ppm wet weight) Seafood --- --- --- --- 1.0 --- --- 
-- -- --- 18-200# --- --- --- --- --- 
* mg Al / kg normal diet over 3 –  6 months; # Toxicity range 
 
4.  Discussion. 
The metal concentrations in liver, muscle and vertebrae will be discussed and recommendations as 
to the suitability of the different tissue types for human consumption will be based on the average 
concentration of the different metals in the respective tissue types. 
4.1.  Liver. 
Sharks livers are used to extract oil that may be used to produce vitamin A and vitamin E for human 
consumption as vitamin supplements (Johnson, 1978).  The South African Department of Health 
have a set standard for the concentration of As that may be present in edible oils (e.g. cooking oil), 
at 0.1 ppm wet weight (Personal communication S. Jikijela, Department of Health, Pretoria).  Only 
this metal I thus discussed in detail below.  Generalizations on the concentration of other metals in 
edible oil on humans will be made, although the South African Government provides no prescribed 
concentration levels for these.   
The As concentrations in the liver of all the samples of M. mustelus were above the recommended 
value of 0.1 ppm (Table 9.3).  As the number of specimens from which tissue samples were 
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obtained (n = 18) did not includ e mature specimens it is advisable that further studies should be 
conducted to determine if concentrations of this metal decreases with age, since As concentrations 
appears to declined with age in males (P = 0.115, Table 8.6) and females (P = 0.249, Table 8.6). 
The regression of As vs. length showed a negative trend with length of males and females (common 
regression as determined in Table 8.6, Chapter 8: y = -3.235x + 6.547). 
In the livers of males and females S. megalops specimens (Table 9.2) As concentration did not show 
any relationship with length (Chapter 8, Table 8.15, Fig. 8.15) and only five mature specimens out 
of a total sample of 53 did not have concentrations greater than 0.1 ppm.  Only one immature 
specimen did not have an As concentration greater than 0.1 ppm.  None of the examined specimens 
from sampling Sites 1 and 2 (Table 9.2) had concentrations below the recommended value of 0.1 
ppm (Table 9.3).  Further studies should be conducted to assess the big difference in the As 
concentrations of specimens noticed at sampling Sites 1 (n= 6) and 2 (n= 12) when compared to 
concentrations in samples collected at other sampling sites for both mature and immature sharks.  
The concentrations of Cr (maximum: 0.3618 ppm), Cu (maximum: 3.4125 ppm), Zn (maximum: 
2.0655 ppm), Cd (maximum: 0.6230 ppm) and Pb (maximum: 0.1184 ppm) in the liver of M. 
mustelus were all below the recommended values for fish as prescribed by the South African 
Department of Health (See Table 9.3).  This may or may not have a toxic effect on humans 
consuming vitamin A and vitamin E prepared from M. mustelus liver, but as the prescribed 
concentration of As in edible oils were much lower than the As concentration in edible fish the 
concentration of these metals may very well be over some yet undefined threshold value.  Research 
needs to be conducted to establish what these threshold levels are before conclusions can be made.  
The concentration of Al in M. mustelus liver (maximum concentration: 3.7730 ppm) for some 
individuals were above the Al concentration that induce toxic effects if orally consumed (1.52 ppm, 
Table 9.3), and as a result the continuous use of vitamin A and E prepared from shark liver may 
exceed maximum allowable Al levels if it was to be determined for Al in edible oil. 
4.2.  Vertebrae. 
No prescribed levels set by the South African Department of Health concerning the concentration of 
metals in medicine derived from animal products were found; the metal levels set for food 
(particularly canned fish) are thus used.  A similar approach to determining the suitability of shark’s 
vertebrae in Australia was adopted by Allinson et al., 2002.   
In the mature specimens of S. megalops Al concentrations greater than the prescribed 1.52 ppm 
(Table 9.3) were recorded in 16 (out of 65) of the individual ranging in size from 40 – 67 cm.   Both 
males and females of this species showed a positive relationship of Al concentration with length 
(females significant P < 0.001, males not significant P = 0.730, Table 8.11, Fig. 8.13) and could 
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imply that only smaller S. megalops individuals might be suitable for pharmaceutical products e.g. 
cartilage supplements, as vertebrae from older specimens may contain too high metal 
concentrations above acceptable limits (Allinson et al., 2002).  As this species have a very long 
gestation period and reach maturity at a very old age the population numbers may decline as all the 
immature individuals are removed before they reach sexual maturity, resulting in a decline in the 
reproductive fraction of the populatio n (Casey and Myers, 1998, Watson and Smale, 1998 & 
Watson and Smale, 1999).  If bigger sharks are used for pharmaceutical products it is advisable that 
a restriction should be applied to the administration dosage or that the time that humans are on 
medication (containing shark vertebrae) should be controlled.  All the examined individuals from 
sampling Sites 1 and 2 had Al concentrations (minimum concentration sampling Site 1: 2.9417 
ppm, sampling Site 2: 4.4771 ppm) above the prescribed value of 1.52 ppm (Table 9.3).  Due to 
these levels of Al in the vertebrae, it is advised that the vertebrae from specimens collected at 
sampling Sites 1 and 2 should not be considered suitable for the manufacture of pharmaceutical 
products.  
As concentrations in the vertebrae of the mature S. megalops specimens (maximum concentration: 
3.2248 ppm, Table 9.2) were above the prescribed level of 1.5 ppm (Table 9.3) for 18 individuals 
ranging in size from 35 to 58 cm.  The immature life stage had eight individuals ranging in size  
from 27 to 34 cm.  As the males showed a significant negative relationship of As concentration with 
length (P = 0.002, Table 8.11, Fig. 8.11, Chapter 8) and the females a positive relationship (not 
significant, P = 0.060, Table 8.11, Fig. 8.11) there is a possibility that different size limits should be 
applied to the harvesting of vertebrae from the males and females.  Similar to the Al concentration, 
all the individuals from sampling Sites 1 (minimum concentration: 10.1958 ppm) and 2 (minimum 
concentration: 9.3865 ppm) had higher As concentrations in their vertebrae (Table 9.2) than the 
recommended level of 1.5 ppm (Table 9.3). 
Cd concentrations in mature specimens of S. megalops (1.5092 ppm, Table 9.2) were higher than 
the allowable level in canned fish (1 ppm, Table 9.3) in one (51 cm) female, which coincidentally 
was from sampling Site 2.  Only one mature female, at 41 cm total length, had a Pb concentration 
(5.8868 ppm, Table 9.2) higher than the prescribed level of 4 ppm prescribed by the South African 
Government (Table 9.3).  As both Cd and Pb concentrations in vertebrae showed no relationship 
with length of female specimens in the vertebrae (Cd: P = 0.778, Pb: P = 0.559, Table 8.11, Fig. 
8.11) and a non significant negative trend in males (Cd: P = 0.348, Pb: P = 0.098), the 
concentrations of Cd and Pb apparently pose no problem in the harvesting of vertebrae for 
pharmaceutical products.  In M. mustelus one 45 cm female had a higher As concentration (2.2639 
ppm, Table 9.1) than the prescribed level of 1.5 ppm by the South African Department of Health 
(Table 9.3).  The relationship of As in vertebrae of females were non-significant but had a negative 
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trend (P = 0.241, Table 8.1, Fig. 8.1, Chapter 8) while for males the observed positive trend was 
non-significant (P = 0.197, Table 8.1, Fig. 8.1, Chapter 8).  The concentrations of Al (maximum: 
0.7427 ppm), Cr (maximum: 0.0218 ppm, Table 9.1), Cu (maximum: 0.0157 ppm), Zn (1.2163 
ppm), Cd (maximum 0.0507 ppm) and Pb (maximum: 0.0486 ppm) were below the prescribed 
values (Table 9.3) and thus these metals should not pose a health threat to the consumption of 
pharmaceutical products produced from juvenile M. mustelus vertebrae.   
4.3.  Muscle.  
Two metals in muscle of M. mustelus were higher than the tabulated concentrations (Table 9.3) 
namely Al (average: 5.8428 ppm (Table 9.1) compared to1.52 ppm (Table 9.3)) and As (maximum: 
3.9644 ppm, Table 9.1) compared to 1.5 ppm (Table 9.3).  Only three of the analysed samples from 
specimens (total length: 62, 65, 82 cm) had concentrations below the prescribed value of 1.52 ppm 
for Al (Table 9.3), while for As only two out of 18 (total length: 47 and 39 cm) analysed M. 
mustelus specimen samples were higher than the prescribed value of 1.5 ppm (Table 9.3).  The 
concentration of Al in both males (P 0.202, Table 8.6, Fig. 8.6b) and females (P = 0.447, Table 8.6, 
Fig. 8.6a) tended to decrease with size though the relationship was not significant (Chapter 8).  As 
concentration in the muscle of females showed a non -significant neg ative trend with length (P = 
0.299, Table 8.6, Fig. 8.6a) while significant negative relationship with length was observed fro 
males (P = 0.013, Table 8.6, Fig. 8.6b).   
Al concentration in muscle tissue of males (P = 0.748, Table 8.16, Fig. 8.16b) and females (P = 
0.358, Table 8.16, Fig. 8.16a) of S. megalops showed negative but non-significant relationships 
with length (Chapter 8).  Of the analysed samples from the mature specimens 28 of 63 had As 
concentrations above the prescribed value of 1.52 ppm (Tab le 9.3). These specimens ranged in size 
from 36 to 63 cm (total length) for the combined male and female data.  Six (out of 14) of the 
immature life stage specimens analysed (27 – 34 cm males and females combined) were higher than 
the value in Table 9.2.  All the analysed samples from sampling Sites 1 and 2 were higher than 1.52 
ppm.  Consequently the muscle tissue of sharks caught at sampling Sites 1 (also taken into 
consideration in the mature and immature life stages) and 2 would not be suitable for human 
consumption on a daily period for a period of 3 – 6 months as it could induce the accumulation of 
Al in the brain according to Berthon, 2002.   
Only one S. megalops individual (from the seven specimens at sampling Site 1) had a Zn 
concentration higher than 40 ppm (41.0.945 ppm for a 52 cm female, Table 9.2), as Zn showed no 
relationship with length (P > 0.05, Chapter 8, Table 8.16, Fig. 8.16) for males and females there is a 
possibility that the specific data point is an outlier.  It would thus be in the interest of the consumer 
that further studies be conducted to determine Zn concentration levels in these animals, especially at 
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Site 1 and Site 2.  It would appear that the muscle tissue of sharks caught at Sites 3 to 7 would be 
suitable for human consumption as they contain metal levels below concentrations known to induce 
toxic effects, as indicated in Table 9.3 
Arsenic concentration in the muscle tissue of S. megalops caught at Sites 1 (minimum 
concentration: 4.8838 ppm, Table 9.2) and 2 (minimum concentration: 3.82656 ppm, Table 9.2) 
were all above the prescribed level of 1.5 ppm by the South African Government (Table 9.3) and 
are thus considered to be unsuitable for human consumption.  Only three individuals from the 56 
specimens from the mature life stage (45, 52, 56 cm males and females combined) were above the 
prescribed level of 1.5 ppm in Table 9.2.  Once again no significant relationship with As 
concentration and length were determined in Chapter 8 (P > 0.05, Table 8.16, Fig. 8.16, males non -
significant, females no relationship).   
None of the examined S. megalops samples from sampling Sites 3 to 7 had Cd concentrations 
(Table 9.2) higher than 1 ppm as prescribed by the Department of Health (Personal communication: 
S. Jikijela, Pretoria) and as a result should be suitable for human consumption.  Sampling Sites 1 
and 2 (Table 9.2) though did have samples that were higher; these were for 42 and 46 cm males and 
44, 48, 51 and 63 cm females.  As Cd in males showed a significant negative relationship with 
length (P = 0.033, Table 8.16, Fig. 8.16b) while females had a non-significant positive trend (P = 
0.363, Table 8.16, Fig. 8.16a) it appears that further studies are necessary to determine if different 
cut-off levels for males and females should be implemented should shark muscle tissue be harvested 
for human consumption. 
Pb concentration in the muscle tissue of one female S. megalops sampled at Site 1 was found to be 
higher than the prescribed 4 ppm in fish set by the South African Government (Personal 
communication: S. Jikijela, Department of Health, Pretoria). Only seven samples were analysed at 
sampling Site 1 and the combined data from Sites 2 to 7 did not show any significant trend between 
concentration and length (P = 0.784 for females, P = 0.428 for males, Table 8.16, Fig. 8.16).  It 
would appear that with regard to Pb in muscle tissue that the sharks caught at sampling Sites 1 to 7 
are suitable for human consumption, but that size restriction might have to be introduced 
. 
The acceptable concentratio n in fish as supplied by the South African Department of Health are in 
the process of being revised (personal communication S. Jikijela).  From the available regulatory 
levels and the metal concentration data collected for S. megalops from the seven sampling sites it 
appear that S. megalops specimens caught at sampling Sites 3 to 7 are suitable for human 
consumption.  Some S. megalops individuals caught at Sites 1 and 2 had metal concentrations in the 
liver, muscle and vertebrae that were higher than the prescribed metal levels, and as a result some 
regulation may have to be implemented to ensure that sharks which exceed the prescribed metal 
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levels are not used for human consumption.  In regard to M. mustelus more studies need to be done 
to include mature samples, as none was analysed during the course of this study.  
 
This chapter has brought fourth many questions that still remain unanswered but more samples 
needs to be analysed to confirm the following results: (1) the differences in metal concentrations 
between sampling Sites 1 and 2 and the other five sampling sites, (2) the very high metal 
concentrations detected in a few individuals, (3) the unsuitability of livers of S. megalops as a 
source of commercial vitamin A and E, (4) the effect that maturation of the species have on metal 
concentration and (5) if different size limits should be applied to the harvesting of sharks for human 
consumption, especially as the concentration ion of heavy metals may change as maturity is reached 
(Eisler, 1967).  As a result there is scope for further study especially on the metal concentration in 
S. megalops in Algoa Bay and St. Francis Bay as these two sites appear to be the only sites where 
metal concentration levels in the tissue were above the prescribed metal levels. 
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Chapter 10.  An assessment of the distribution of heavy metals in and between 
different tissue types of Squalus megalops (Shortnose spurdog). 
 
 
1. Introduction. 
In general the toxic effect exerted by a metal would be determined by its interactions with other 
essential or non -essential metals as they influence the transport of each other across cell membranes 
as described in Chapter 3 (Bremner, 1974).  By determining the inter element relationships between 
metals in a specific tissue type (i.e. are there correlations between the concentrations of different 
metals in a specific tissue type: does the concentration of one metal increase or decrease with an 
increase of another metal) it is possible to establish if the metal levels that the organisms are 
exposed to are near background levels or if they have been exposed to metal pollution (Simkiss, 
Taylor and Mason, 1982, Watling, Watling, Stanton, McClurg and Engelbrecht, 1982).  These 
internal concentrations of metals and their relationships with each other (metal correlations) and 
between tissue types (tissue type correlations) are also a good indication of the relative metal 
concentrations in the environment (Vas and Gordon, 1988). In the liver of the Dusky shark 
(Carcharhinus obscurus) strong relationships between Cd, Zn and Cu were observed, while in the 
liver of the great White shark (Carcharodon carcharias) strong relationships were observed 
between Cd and Pb (Watling et al., 1982).  Tissue type correlations may also indicate if the uptake 
(accumulation) of on e metal affects that of another metal in a specific tissue type (Norheim, 1987).  
Comparing the concentration of a specific metal between different tissue types (tissue type 
correlations) in the same species would give an indication of where the metals are more likely to 
accumulate or to undergo detoxification, demonstrating differences in the metal regulatory ability of 
different tissue types (Gangolli and Phillips, 1993).    
Determining the concentration series by ranking metal concentrations in a specific tissue type in 
decreasing order is a good way to compare the metal concentrations between different species (Vas, 
1987).  If the concentration series between species were similar it would indicate if the species have 
been exposed to pollution or if accumulation of metals have occurred.  In general the two elements 
occupying the highest and second highest concentration positions in the concentration series is Fe 
and Zn (Márquez, Vodopivez, Casaux and Curtosi, 1998, Vas, 1987). 
A tissue concentration series is established by ranking different tissue types in decreasing metal 
concentration for a specific metal.  The order in which the metals are present in the tissue 
concentration series (from highest to lowest metal concentration) would give an indication of the 
influence that the external environment has on the metal accumulation in the other tissue types. A 
good example is if the highest metal concentrations are associated with external tissues such as the 
skin and gills then the external environment is a principal source of metals (Vas and Gordon, 1993). 
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The aim of this study is thus to determine (1) the metal concentration and tissue concentration series 
of S. megalops and compare it with other species (2) the inter element relationship of different 
metals in a specific tissue type and (3) the inter element relationship of a specific metal between 
two different tissue types (inter-tissue types correlations). 
 
2.  Materials and methods. 
In this chapter tissue samples from fresh, unfrozen Squalus megalops female specimens obtained 
from Eyethu Fisheries in Port Elizabeth (see Chapter 4) were used.  Only the metals that had a good 
recovery from the standards (Chapter 4, Section 7, Table 4.14) were used namely aluminium (Al), 
manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), arsenic (As) and cadmium (Cd).  The tissue 
types collected were: stomach content, stomach lining, liver, spleen, gonads (if present), egg 
mass/yolk (if present), embryos/pups (if present), gills, vertebrae, skin, muscle and eye lenses.  One 
digestion, using concentrated nitric and perchloric acid, were conducted per tissue type of each of 
the 13 specimens after drying overnight in a 60ºC oven.  The resulting solution of a specific 
digestion was read using an ICP-MS and the metal concentration determined using the dry weight 
of the used tissue sample, see Chapter 4.  
Descriptive statistics were performed on the dry weight metal concentration data using the 
SIGMASTAT program.  To determine if there were significant differences in specific metal 
concentration between different tissue types an ANOVA (SIGMASTA) was conducted followed by 
the Tukey pair wise comparison test to establish the significance of the differences.  
The metal concentration series was established by ranking the metal concentration in decreasing 
concentration order.  The frequency that a metal occurred at a specific position (highest 
concentration, second highest concentration etc.) in the individual tissue types determined its 
position in the total concentration series.  If two metals had the same frequency of occurrence at a 
specific position, the overall frequency distribution of the metal between the different tissue types 
determined which of the two metals were allocated the higher metal concentration position in the 
concentration series.  The tissue type concentration series (tissue type with highest metal 
concentration, tissue type with second highest concentration, etc.) were established in a similar 
manner as the metal concentration series, the only difference that the tissue types were ranked 
according to decreasing metal concentration for a specific metal. 
To determine if there were relationships between the concentrations of the different metals (Al, Mn, 
Fe, Cu, Zn, As and Cd) in specific tissue types a correlation coefficient using the Pearson Product 
Moment Correlation of SIGMASTAT was used.   
The Pearson Product Moment Correlation (SIGMA STAT) was also used to determine if there were 
relationships between different tissue types (vertebrae, yolk, gills, liver, muscle, skin, stomach 
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content and stomach lining) by determining the correlation coefficient between the different tissue 
types for each of the metals listed above.   
 
3.  Results. 
3.1.  A comparison of average metal levels in tissue types with data from literature. 
The averages, standards deviations and range of the metal concentrations were calculated and the 
results given below in Table 10.1.  Data on metal concentrations in the different tissues of other 
shark species from literature sources are in Table 10.2.  No data on Al concentration in shark tissue 
were found and this metal will thus not be discussed in this section.  Furthermore, no appropriate 
results on metal concentrations in eye lens or skin tissue were found in the literature.  No distinction 
between the metal concentrations for stomach content or stomach lining were made by Windom, 
Stickney, Smith, White and Taylor (1973) and so the reported metal concentration in stomach is just 
included for interest sake (Table 10.2). 
The results from this study (Tab le 10.1) for Mn, Fe, Cu, Zn and As concentration in vertebrae of S. 
megalops were much lower than the concentrations reported in the vertebrae tissue of the Birdbeak 
dogfish (Deania calcea ) and the Longnose velvet dogfish (Centroscymnus crepidater) (Table 10.2, 
Allinson et al., 2002).  Mn concentrations in vertebrae of the Blue shark (Prionace glauca ) and the 
Shortfin mako (Isurus oxyrinchus) (Table 10.2, Vas, Stevens, Bonwick and Tizini, 1990) were also 
higher than those of S. megalops (Table 10.1), as was the Zn and Cd concentrations.  Cu, Zn, As 
and Cd concentration in yolk of S. megalops (Table 10.1) were also lower than those reported for 
the Clearnose skate (Raja eglanteria), Rhinobatis lentiginous and Squalus acanthias (Piked dogfish) 
(Windom, et al.,  1973) caught off the coast of South Carolina, Georgia and Florida (USA).  Only 
one dry weight metal concentration for gill tissue in the species Scyliorhinus canicula (Small-
spotted catshark) (Table 10.2) was found and it was much higher than the reported  3.590 ppm for S. 
megalops (Table 10.1).    The Cu, Zn and As in liver were always higher in the species from the 
literature search (Table 10.2) than for the concentration in liver of S. megalops (Table 10.1).  The 
Cd concentration in the liver of S. megalops (Table 10.1) was higher than the reported concentration 
for the Sandbar shark (Carcharhinus milberti) and R. eglanteria (Table 10.2, Windom et al., 1973).  
The muscle tissue As concentration of Rhinoptera bonusus (Table 10.2) was very similar to the 
3.396 ppm in muscle tissue of S. megalops (Table 10.1) while for the Scalloped hammerhead 
(Sphyrna lewini ) As and Cu was lower (Table 10.2).  Metal concentrations reported in the embryos 
of the Dusky shark (C. obscurus)  were all higher than in the embryos of S. megalops (Table 10.1 
and Table 10.2).   
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Table 10.1.  The average concentrations (ppm dry weight) of Al, Mn, Fe, Cu, Zn, As and Cd in 
11 different tissue types of mature S. megalops females (N: number of samples, STD: 
Standard deviation, Max: maximum re corded concentration, Min: minimum recorded 
concentration). 
 Column Al  Mn Fe Cu Zn As Cd 
Vertebrae 
N 
Average 
STD 
Max 
Min 
13 
2.222 
1.358 
6.093 
0.296 
13 
0.409
0.188
0.668
0.062
13 
5.150 
14.427 
53.025 
0.577 
13 
0.073 
0.107 
0.334 
0.000 
13 
2.505 
1.217 
5.497 
0.471 
13 
1.750 
1.025 
4.394 
0.731 
13 
0.099 
0.152 
0.509 
0.028 
Yolk  
N 
Average 
STD 
Max 
Min 
12 
0.356 
0.345 
1.257 
0.047 
12 
0.049
0.039
0.137
0.005
12 
2.402 
3.082 
9.329 
0.519 
12 
0.113 
0.051 
0.207 
0.039 
12 
1.733 
0.562 
2.598 
0.956 
12 
0.967 
0.546 
2.136 
0.244 
12 
0.024 
0.012 
0.052 
0.007 
Gills 
N 
Average 
STD 
Max 
Min 
13 
0.990 
0.814 
3.265 
0.197 
13 
0.349
0.196
0.747
0.037
13 
9.648 
3.894 
15.286 
2.791 
13 
0.068 
0.026 
0.138 
0.037 
13 
3.590 
1.539 
6.686 
1.197 
13 
3.092 
1.112 
5.463 
1.358 
13 
0.057 
0.101 
0.327 
0.004 
Eye lens 
N 
Average 
STD 
Max 
Min 
13 
0.701 
0.938 
3.165 
0.006 
13 
0.398
0.321
1.022
0.113
13 
1.388 
1.617 
5.837 
0.130 
13 
0.123 
0.042 
0.214 
0.049 
13 
0.216 
0.181 
0.596 
0.064 
13 
1.904 
0.959 
4.091 
0.727 
13 
0.158 
0.054 
0.315 
0.106 
Liver  
N 
Average 
STD 
Max 
Min 
13 
0.850 
0.913 
3.545 
0.159 
13 
0.078
0.068
0.226
0.009
13 
11.940 
8.563 
25.419 
2.238 
13 
0.142 
0.085 
0.263 
0.031 
13 
1.760 
1.729 
6.933 
0.455 
13 
2.258 
1.830 
7.792 
0.704 
13 
0.443 
0.345 
1.143 
0.043 
Muscle 
N 
Average 
STD 
Max 
Min 
13 
0.677 
0.814 
3.203 
0.152 
13 
0.084
0.112
0.362
0.001
13 
1.594 
2.156 
8.593 
0.532 
13 
0.046 
0.040 
0.115 
0.003 
13 
0.767 
0.441 
1.754 
0.212 
13 
3.396 
2.156 
7.086 
0.357 
13 
0.051 
0.084 
0.327 
0.012 
Embryo 
N 
Average 
STD 
Max 
Min 
7 
0.361 
0.415 
1.003 
0.034 
7 
0.096
0.041
0.152
0.055
7 
2.526 
1.496 
5.744 
1.479 
7 
0.093 
0.055 
0.163 
0.020 
7 
1.772 
0.861 
3.601 
1.028 
7 
1.277 
0.181 
1.425 
0.904 
7 
0.065 
0.036 
0.107 
0.019 
Skin 
N 
Average 
STD 
Max 
Min 
13 
5.550 
3.474 
11.999
0.119 
13 
0.277
0.371
1.344
0.013
13 
5.829 
5.054 
20.738 
0.442 
13 
0.159 
0.210 
0.755 
0.021 
13 
3.657 
2.459 
8.794 
0.374 
13 
1.978 
1.065 
4.748 
0.750 
13 
0.317 
0.476 
1.556 
0.027 
Spleen 
N 
Average 
STD 
Max 
Min 
13 
2.718 
4.818 
15.481
0.107 
13 
1.195
1.094
3.589
0.097
13 
20.283 
15.413 
56.762 
3.738 
13 
0.400 
0.497 
1.692 
0.026 
13 
4.814 
3.763 
13.417
1.136 
13 
2.975 
1.573 
5.525 
0.721 
13 
0.604 
0.790 
2.675 
0.040 
Stomach 
content  
N 
Average 
STD 
Max 
Min 
13 
2.487 
2.968 
10.336
0.028 
13 
0.346
0.597
2.285
0.037
13 
5.839 
6.029 
20.779 
0.890 
13 
0.320 
0.356 
1.231 
0.025 
13 
4.407 
4.376 
18.275
1.490 
13 
1.621 
0.858 
3.037 
0.499 
13 
0.037 
0.039 
0.134 
0.007 
Stomach 
lining 
N 
Average 
STD 
Max 
Min 
13 
2.555 
2.431 
7.921 
0.125 
13 
0.138
0.130
0.450
0.006
13 
5.928 
5.377 
22.963 
0.806 
13 
0.191 
0.095 
0.356 
0.024 
13 
4.617 
2.841 
12.693
0.507 
13 
1.703 
0.717 
2.706 
0.151 
13 
0.112 
0.180 
0.674 
0.001 
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Concentrations of Cu and Zn in the spleens were always higher in the literature (Table 10.2), while 
the As concentration in R. bonusus (Table 10.2) was comparable to that of S. megalops (2.975 
ppm).  The Cd concentration in the spleen of the Bonnethead shark (Sphyrna tiburo ) (Table 10.2) 
was exactly the same as the average Cd concentration in the spleen of S. megalops (Table 10.1) at 
0.6 ppm. 
Table 10.2.  Summary of results from literature on the concentration of Mn, Fe, Cu, Zn, As 
and Cd in Squalus megalops and other sharks species from around the world (Concentration 
is in ppm dry weight; V: Vertebrae; M: Muscle; L: liver; Sp: Spleen;; Gi: Gills; YS: Yolk sac 
(egg mass); O: Ovary (Gonad); Em: Embryo (pup); P$: Pup average; # Average of size classes 
determined). 
Reference  Species  T Mn Fe Cu Zn As Cd 
V 0.409 5.150 0.073 2.505 1.750 0.099 
L 0.078 11.940 0.142 1.760 2.258 0.443 
M 0.084 1.594 0.046 0.767 3.396 0.051 
P 0.096 2.526 0.093 1.772 1.277 0.065 
Sp 1.195 20.283 0.400 4.814 2.975 0.604 
YS 0.049 2.402 0.113 1.733 0.967 0.024 
THIS STUDY S. megalops 
Gi 0.349 9.648 0.068 3.590 3.092 0.057 
D. calcea V 17.7±7.2 13.6±2.1 <0.01 67.5±18.5 27.9±5.2  Allinson et al.,  
2002 C. crepidater V 20.2±1.5 7.6±1.6 1.0±1.2 34.1±4.9 19.5±3.2  
P. glauca V 1.72 -
22.69 
  32.16 -
210.74 
 0.84 -
3.13 Vas et al.,  1990 
I.  oxyrinchus V 1.3 - 10.3   5.04 - 127  0.42 - 
8.81 
Eisler# , 1967 C. milberti V  0.403  0.087   
C. milberti L   2.7 9 11.2 <0.1 
M   1.5 19 6.0 2.1 
L   1.3 16 10 1.6 C. obscurus 
P$   2 13 2.5 0.25 
M   2.3 8 4.7 0.6 
L   13 9 17 0.6 
St    7 34 3.7 0.4 
R. bonusus 
Sp   3.6 32 3.8  
M   3.2 20 19 0.6 
L   44 44 6 <0.2 
R. eglanteria 
(Rajidae)  
YS   4.4 31 22 0.5 
M   2.2 11 11 0.4 
L   6.6 29 16 1.4 
St    6.2 38 15 0.4 
R. 
lengtiginous 
YS   2.7 19 1.6 0.2 
M   3 8 14 0.4 
L   3.6 13 17 0.9 
St    9.2 28 8.9 0.9 
Sp   2.4 25 17 0.6 
S. tiburo 
O   2.4 36 15 0.7 
M   2.2 <0.01 2.0 15 
L   6 <0.01 6.2 16 S. lewini 
St   1.8 <0.01 10 40 
M   2.3 12 10 0.4 
L   4.5 15 5.7 1.0 
St    4.8 70 <1.0 3.7 
Sp   16 30 9.8 1.4 
YS   0.9 16 9.1 0.2 
Windom 
et al  
1973 
S. acanthius 
Em   3.0 37 2.6 0.7 
Crespo et al., 1979 S. canicula  Gi    70.92±20.50   
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3.2.  Comparison of concentration of specific metals between different tissue types. 
The results of the ANOVA test (SIGMASTAT) to determine if there were significant differences 
between the concentrations of a specific metal in different tissue types are given in Table 10.3.  
Normality tests determined if the metal concentrations in a specific tissue type had a normal 
distribution with an alpha level of 0.01 for the level of significance (P value below 0.01 indicate 
that there was not a normal distribution and are highlighted in Table 10.3).  An equal variance test 
with an alpha significance level of 0.01 were set to determine if the metal concentration in the tissue 
types had an equal variance (A P value of less than 0.01 indicate that the variance was not equal and 
are highlighted in Table 10.3).  The level of significance for the ANOVA test was 0.05 thus if the P 
value for the source of variation are below 0.05 there is a significant difference between the metal 
concentrations in different tissue types (highlighted in Table 10.3).  The power of the performed test 
was set at a significant level of 0.05 and the resulting Power values were all above 0.8.   The 
ANOVA test (Table 10.3) revealed that there were significant differences between the 
concentrations of all the metals within the different tissue types (P < 0.001).  
Table 10.3.  Results of the ANOVA test to determine if there were significant differences in a 
metal concentration between different tissue types of S. megalops. 
Normality 
a = 0.01 
Equal variance 
a  = 0.01  Source of variation Metal  
Value of P Value of P DF F P 
Power of performed 
test with a = 0.05 
Al < 0.001 0.001 135 5.698 < 0.001 1.000 
Mn < 0.001 < 0.001 135 7.296 < 0.001 1.000 
Fe < 0.001 0.028 135 6.448 < 0.001 1.000 
Cu < 0.001 0.005 135 3.572 < 0.001 0.950 
Zn < 0.001 0.031 135 6.110 < 0.001 1.000 
As < 0.001 0.003 135 4.602 < 0.001 0.994 
Cd < 0.001 0.003 135 4.668 < 0.001 0.995 
 
Table 10.4 contains the results of the Tukey test (SIGMASTAT) to determine the significance of 
the differences in metal concentrations between different tissue types.   
The skin had the highest Al concentration (Table 10.1) than all the other tissue types and the Tukey 
test (Table 10.4) indicated that it was significant different from most of the other tissue types 
(vertebrae (P = 0.010), yolk (P < 0.001), gills (P < 0.001), lens (P < 0.001), muscle (P  < 0.001), 
embryo (P < 0.001), liver (P < 0.001), stomach content (P = 0.028) and stomach lining (P = 0.036)) 
excluding the spleen (P = 0.063).  Mn concentration in spleen tissue was the highest than in all the 
tissue types and it was significantly different from all the other tissue types (P < 0.001, Table 10.4).   
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Table 10.4.  Results of the Tukey multi-comparison test to determine which tissue types were 
significantly different from each other with regard to metal concentration in S. megalops (NS: 
Not Significant (P>0.05); *: Significant Difference (0.01 < P <0.05); **: Significant Difference 
(0.001< P <0.01); ***: Significant Difference (P < 0.001); NT: Not Tested; S.: Stomach). 
Al 
Mn Vertebrae Yolk Gills  Lens Liver Muscle Embryo Skin Spleen S. Content S. Lining 
Vertebrae ---  NT  NT  NT  NT  NT  NT  * NT  NT  NT  
Yolk  NS --- NT  NT  NT  NT  NT  *** NS NT  NT  
Gills NT  NT  ---  NT  NT  NT  NT  *** NT  NT  NT  
Lens NT  NT  NT  ---  NT  NT  NT  *** NT  NT  NT  
Liver NT  NT  NT  NT  --- NT  NT  *** NT  NT  NT  
Muscle NT  NT  NT  NT  NT  ---  NT  *** NT  NT  NT  
Embryo NT  NT  NT  NT  NT  NT  --- *** NT  NT  NT  
Skin NT  NT  NT  NT  NT  NS NT  --- NS * * 
Spleen *** *** *** *** *** *** *** *** --- NT  NT  
S. Content NT  NT  NT  NT  NT  NT  NT  NT  *** --- NT  
S. Lining NT  NT  NT  NT  NT  NT  NT  NT  *** NT  --- 
Fe 
Cu Vertebrae Yolk Gills Lens Liver Muscle Embryo Skin Spleen S. Content S. Lining 
Vertebrae ---  NS NS NS NS NS NS NS *** NS NS 
Yolk  NT  --- NS NS NS NS NS NS *** NS NS 
Gills NT  NT  ---  NS NS NS NS NS * NS NS 
Lens NT  NT  NT  ---  * NS NS NS *** NS NS 
Liver NT  NT  NT  NT  --- * NS NS NS NS NS 
Muscle NT  NT  NT  NT  NT  ---  NS NS *** NS NS 
Embryo NT  NT  NT  NT  NT  NT  --- NS *** NS NS 
Skin NT  NT  NT  NT  NT  NT  NT  --- *** NS NS 
Spleen ** NT  ** NT  NT  *** NS NT  --- *** *** 
S. Content NT  NT  NS NT  NT  NS NT  NT  NT  --- NS 
S. Lining NT  NT  NT  NT  NT  * NT  NT  NT  NT  --- 
Zn 
As 
Vertebrae Yolk Gills  Lens Liver Muscle Embryo Skin Spleen S. Content S. Lining 
Vertebrae ---  NT  NT  NT  NT  NT  NT  NT  NT  NT  NT  
Yolk  NT  --- NT  NT  NT  NT  NT  NT  * NT  NS 
Gills NT  ** ---  NT  NT  NT  NT  NT  NT  NT  NT  
Lens NT  NT  NT  ---  NT  NT  NT  NT  *** *** *** 
Liver NT  NT  NT  NT  --- NT  NT  NT  * NT  ** 
Muscle * *** NT  NS NT  ---  NT  NT  *** ** NT  
Embryo NT  NT  NS NT  NT  * --- NT  NS NT  NT  
Skin NT  NT  NT  NT  NT  NT  NT  --- NT  NT  NT  
Spleen NT  ** NT  NT  NT  NT  NT  NT  --- NT  NT  
S. Content NT  NT  NT  NT  NT  * NT  NT  NT  --- NT  
S. Lining NT  NT  NT  NT  NT  * NT  NT  NT  NT  --- 
Cd Vertebrae Yolk Gills  Lens Liver Muscle Embryo Skin Spleen S. Content S. Lining 
Vertebrae NT  NT  NT  NT  NT  NT  NT  ** NT  NT  
Yolk  NT  NT  * NT  NT  NS *** NT  NT  
Gills NT  NT  NT  NT  NT  *** NT  NT  
Lens NT  NT  NT  NT  * NT  NT  
Liver NS NT  NT  NT  * NT  
Muscle NT  NT  *** NT  NT  
Embryo NT  * NT  NT  
Skin NS *** ** 
Spleen NT  NT  
S. Content 
 
 
  
  
 
 
 
 NT  
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The highest Fe concentration was in the spleen and it was significantly different from all tissues (P 
= 0.024 for gills and P < 0.001 for the rest) except the liver (P = 0.196).  Fe concentration in liver 
(11.940 ppm) and lens (1.388 ppm) and in liver and muscle (1.594 ppm) were also significantly 
different from each other (see Table 10.4).  Zn concentration in spleen was significantly different 
higher from the Zn concentration in yolk (P = 0.034), eye lens (P < 0.001), liver (P = 0.030) and 
muscle (P < 0.001) (Table 10.4).  Stomach content Zn concentrations were significantly higher from 
eye lens (P < 0.001) and muscle (P = 0.003) while Zn in the stomach lining was significantly higher 
than Zn concentration in the eye lens (P < 0.001) and the muscle (P = 0.001) (Table 10.4).   
Cu concentrations in the spleen were significantly higher than Cu concentration in vertebrae (P = 
0.003), gills (P = 0.002) and muscle (P < 0.001). Muscle Cu concentration was significantly lower 
than the Cu concentration of the stomach lining (P = 0.032).  Muscle As concentrations (Table 10.4) 
were significantly higher from vertebrae (P = 0.033), yolk (P < 0.001, embryo (P = 0.014), stomach 
content (P = 0.014) and stomach lining (P = 0.024).  As concentration in the spleen were 
significantly higher than that of the yolk (P = 0.003, Table 10.4).  The As concentration in gills was 
also significantly higher than the As concentration in yolk (P = 0.001).  Cd concentration in the 
spleen was significantly higher than the concentration in vertebrae (P = 0.002), yolk (P < 0.001), 
gills (P < 0.001), eye lens (P = 0.015), muscle (P < 0.001), embryo (P = 0.013), stomach content (P 
< 0.001) and stomach lining (P = 0.004).  Other significant differences in Cd concentrations were 
between liver (highest concentration) and yolk (P = 0.039), and between the liver (highest 
concentration) and the stomach content (see Table 10.4). 
3.2.1.  Comments on the ranking of metals in a specific tissue type (metal concentration series) 
from highest to lowest concentration. 
Table 10.5 lists the metal concentrations in decreasing order as they occur in each tissue type as 
well as the total metal concentration series for the different tissue types.  
The metal concentration series Table 10.5 for S. megalops for the different tissue types namely 
vertebrae, egg yolk, gills, eye lens, liver, muscle, embryo, skin, spleen, stomach content, stomach 
lining (Fe>Zn>As>Al>Mn>Cu/Cd>Cd/Cu) closely resembles the metal concentration series 
reported in the literature for other shark species from around the world for the metals that were 
reported in the literature (see Table 10.5).  Fe is the metal most accumulated (having the highest 
concentration) in almost all of the tissue types (except for eye lenses and muscle where As has the 
highest concentration), followed by Zn (second highest concentration) in S. megalops.  Metal 
concentration series positions three and four vary between Al and As, while the metals least 
accumulated varies between Cd, Cu and Mn (Table 10.5).  The metal concentration series in eye 
lenses (As> Fe> Al> Mn> Zn> Cd> Cu) of S. megalops least resembles the total metal 
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concentration series as As has the highest concentration, Mn is at the fourth highest position while 
Zn is at the fifth concentration position (Table 10.5).   
Table 10.5.  The distribution of Zn, As, Al, Zn, Mn, Cd and Cu (accordi ng to averages) in 11 
different tissue types from mature S. megalops females, arranged in decreasing order of 
concentration from left to right. 
Author  Species Tissue Metal series 
Vertebrae 
Egg Yolk 
Gills 
Eye lens 
Liver 
Muscle 
Embryo 
Skin 
Spleen 
Stomach content 
Stomach lining 
Fe > 
Fe > 
Fe > 
As > 
Fe > 
As > 
Fe > 
Fe > 
Fe > 
Fe > 
Fe > 
Zn > 
Zn > 
Zn > 
Fe > 
As > 
Fe > 
Zn > 
Al > 
Zn > 
Zn > 
Zn > 
Al > 
As > 
As > 
Al > 
Zn > 
Zn > 
As > 
Zn > 
As > 
Al > 
Al > 
As > 
Al > 
Al > 
Mn > 
Al > 
Al > 
Al > 
As > 
Al > 
As > 
As > 
Mn > 
Cu > 
Mn > 
Zn > 
Cd > 
Mn > 
Mn > 
Cd > 
Mn > 
Mn > 
Cu > 
Cd > 
Mn > 
Cu > 
Cd > 
Cu > 
Cd > 
Cu > 
Mn > 
Cd > 
Cu > 
Mn > 
Cu 
Cd 
Cd 
Cu 
Mn 
Cu 
Cd 
Cu 
Cu 
Cd 
Cd 
This study S. megalops 
Total 
concentration 
series  
Fe > Zn > As > Al > Mn > Cu/Cd > Cd/Cu 
Eustace, 
1974  
Squalus sp.  Muscle  Zn >   Cu > Mn > Cd 
Windom et 
al 
1973 
S. acanthias 
Muscle 
Liver 
Stomach 
Spleen 
Yolk  
Embryo 
 
Zn > 
Zn > 
Zn > 
Zn > 
Zn > 
Zn > 
As > 
As > 
Cu > 
Cu > 
As > 
Cu > 
 
Cu > 
Cu > 
Cd > 
As > 
Cu > 
As> 
 
Cd 
Cd 
Cd 
As 
Cd 
Cd 
Pentreath, 
1973 Raja clavata  
Spleen, gills, liver  
Gut, skin, muscle 
Vertebrae 
Fe > 
 
 
 
Zn > 
Zn > 
Zn > 
 
Fe > 
Mn > 
 
 
 
Fe > 
Mn 
Mn 
 
 
Taguchi et 
al., 1979 S. mitsukurii  
Muscle 
Embryo 
Fe > 
 
Zn > 
Zn > 
 
Fe > 
 
 
Cu > 
Cu > 
Cd 
Cd 
Watling et 
al., 1982 
Isurus 
oxyrhinchus 
Muscle 
Vertebrae 
Liver 
Spleen 
Eye lens 
Fe > 
Fe > 
Fe > 
Fe > 
 
Zn > 
Zn > 
Zn > 
Zn > 
Zn> 
 
 
 
 
Fe > 
 
Cu > 
Mn > 
Cu > 
Cu > 
Cu > 
Mn > 
Cu > 
Cd > 
Mn/Cd 
Mn/Cd 
Cd 
Cd 
Mn 
 
Vas, 1987 Galeorhinus 
galeus 
Concentration series 
(Mu, Li, Sp, Ve, Sk) 
Fe > Zn >   Cu > Mn > Cd 
Vas and 
Gordon, 
1988 
Galeus 
melastromus 
Spleen 
Vertebrae, Skin 
Muscle, liver  
Gills 
Fe > 
Fe > 
Fe > 
Fe > 
 
Cd > 
Cu > 
Cu > 
Mn > 
Cu > 
Mn > 
Cd > 
Cd > 
Mn 
Cd 
Mn 
Cu 
 
In muscle As had the highest concentration position in the metal concentration series, but the 
second to seventh metal concentration positions resemb led the total metal concentration series (Fe> 
Zn> Al> Mn> Cd> Cu) in S. megalops.  The metal concentration series of gills, embryo, egg yolk 
and spleen in S. megalops closely resembled the total metal concentration series and each other’s 
(Fe > Zn > As > Al) with the last three positions varying between Mn, Cu and Cd.  Vertebrae, 
stomach content and stomach lining (Table 10.5) also had similar metal concentration series (Fe > 
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Zn > Al > As) with the last three concentration position varying between Mn, Cu and Cd).  The 
metal concentration series in liver (Fe> As> Zn> Al> Cd> Cu> Mn) and in skin (Fe> Al> Zn> As> 
Cd> Mn> Cu) of S. megalops also differ in a few metal concentration positions from the total metal 
concentration series for S. megalops (Table 10.5). 
3.2.2.  Comments on the ranking of different tissue types for a specific metal (tissue concentration 
series) from highest to lowest concentration. 
Table 10.6 gives the tissue types as they were ranked in decreasing order for all the metal 
concentrations in  specific tissue types to establish the total tissue type concentration series.  The 
tissue concentration series for the study species S. megalops for the seven metals combined (Al, As, 
Mn, Fe, Zn, Cu and Cd) were spleen > stomach lining > skin > gills > liver > vertebrae > embryo > 
eye lens > muscle > yolk in decreasing metal concentration (Table 10.6).  
The highest concentration of As in S. megalops (this study) was found in the muscle tissue as was 
the highest As concentration in S. acanthias by Windom et al in, 1973 (Table 10.6).  No data for Al 
in the literature was found and so it will not be discussed.  S. acanthias (Windom et al., 1973) and 
S. megalops had similar accumulation positions for Cd, though not all the tissues tested in this 
investigation were present for S. acanthias (Table 10.6).  No similarities between the tissue 
concentration series for Mn in the literature and the study animal could be found as the spleen had 
the highest Mn in S. megalops followed by vertebrae (Table 10.6).  In the literature the highest Mn 
concentration was in vertebrae while for the spleen, Mn concentration was near the end of the 
concentration series having a very low Mn concentration (Table 10.6).  Mn concentrations in 
muscle tissue, reported in the literature (Table 10.6) and for the study animal, were very low and 
near the end of the concentration series.  The tissue concentration series (see Table 10.6) for Fe was 
very similar between S. acanthias (Windom et al., 1973), R. clavata  (Pentreath, 1973) and I. 
oxyrunchus (Watling et al., 1982) while Cu accumulation was very similar between S. megalops 
and S. acanthias while none of the species in the literature showed similarities for Zn accumulation 
(Table 10.6). 
3.3.  Results of the Pearson Product Moment Correlation between the concentrations of 
different metals in a specific tissue type. 
Table 10.7 lists the results of the Pearson Product Moment Correlation (correlation coefficients) to 
determine the relationship between two metals in a specific tissue type.  A positive correlation 
coefficient indicated that the concentration of two specific metals in a specific tissue type increased 
together.  A negative correlation coefficient is achieved when the concentration of one metal 
increased whilst that of the other one decreased. 
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Table 10.6.  The concentration (ppm dry weight) of a specific metal in different tissue types 
arranged from the tissue with the highest average concentration to the tissue with the lowest 
average concentration (reading from left to right). Sk: Skin; Sp: Spleen; SL: Stomach lining, 
SC: Stomach content, Ve: Vertebrae; Gi: Gills; Em: Embryo; Li: Liver, EL: Eye lens; Yo: 
Yolk; Mu: Muscle, Gu: Gut). 
Author  Species            
Al 
Mn 
Fe 
Cu 
Zn 
As 
Cd 
Sk > 
Sp > 
Sp > 
Sp > 
Sp > 
Mu > 
Sp > 
Sp > 
Ve > 
Li > 
SL > 
SL > 
Gi > 
Li > 
SL > 
EL > 
Gi > 
Sk > 
Sk > 
Sp > 
Sk > 
Ve > 
Gi > 
SL > 
Li > 
Gi > 
Li > 
EL > 
Gi > 
Sk > 
Sk > 
EL > 
Ve > 
Sk > 
SL > 
Li > 
SL > 
Ve > 
Yo > 
Em > 
EL > 
Ve > 
EL > 
Em > 
Em > 
Em > 
Li > 
Ve > 
Em > 
Mu > 
Mu > 
Yo > 
Ve > 
Yo > 
SL > 
Gi > 
Em > 
Li > 
Mu > 
Gi > 
Mu > 
Em > 
Mu > 
Yo 
Yo 
EL  
Mu 
EL  
Yo 
Yo 
This study S. megalops 
Total 
concentration 
series  
Sp > SL> Sk > Gi > Li > Ve > Em > EL > Mu > Yo 
Windom et 
al ., 
1973 
S. 
acanthias 
As 
Cd 
Cu 
Zn 
Mu > 
St > 
Sp > 
St > 
Sp > 
Sp > 
St > 
Em > 
Yo > 
Li > 
Li > 
Sp > 
Li > 
Em > 
Em > 
Yo > 
Em > 
Mu > 
Mu > 
Li > 
St  
Yo 
Yo 
Mu 
 
Pentreath,  
1973 
R. 
clavata 
Fe 
Mn 
Zn 
Sp > 
Ve > 
Ve > 
Li > 
Sk > 
Li > 
Gi > 
Gi > 
Sp > 
Gu > 
Li > 
Sk > 
Sk > 
Gu > 
Gu > 
Ve > 
Sp > 
Gi > 
Mu 
Mu 
Mu 
 
Watling  
et al., 
1982 
I. oxyrhinchus 
Cu 
Zn 
Fe 
Mn 
Cd 
Li > 
Sp > 
Sp > 
Ve > 
Li > 
Ve > 
Ve > 
Li > 
Li > 
Sp > 
Sp > 
Li > 
Ve > 
Sp > 
Ve > 
Mu > 
EL > 
Mu > 
Mu > 
Mu > 
EL  
Mu 
EL  
EL  
EL  
  
Vas, 1987 G. galeus 
Cu 
Fe 
Zn 
Sk > 
Sk > 
Sk > 
Ve > 
Gi > 
Mu > 
Li > 
Li > 
Li > 
Sp > 
Mu > 
Sp > 
Mu > 
Sp > 
Ve 
Gi 
Ve 
 
 
Vas and 
Gordon, 
1988 
G. 
melastromus 
Cu 
Mn 
Fe 
Sk > 
Gi > 
Gi > 
Ve > 
Ve > 
Sk > 
Li > 
Sk > 
Sp > 
Mu > 
Li > 
Li > 
Gi > 
Mu/S
p 
Ve > 
Sp 
Mu 
 
 
Vas, 1991 
Scyliorhinus 
canicula  
Cu 
Mn 
Fe 
Cd 
Sk > 
Ve > 
Sp > 
Ve > 
Li > 
Sk > 
Sk > 
Sk > 
Sp > 
Mu > 
Li > 
Mu > 
Ve > 
Sp > 
Mu > 
Sp 
/Li 
Mu 
Li  
Ve 
 
  
 
In vertebrae (Table 10.7) 10 negative correlations were observed of which 2 were significant (Mn & 
Cu and Mn & Cd) (they are illustrated in Fig. 10.1A and Fig. 10.1B to demonstrate which of the 
two metals decreased in concentration and which one increased in concentration).  Of the 11 
positive correlations five were significant (Al & Zn, Al & As, Al & Cd, Cu & Cd and Zn & As) 
(Table 10.7).  10 negative correlations were observed in egg yolk (Table 10.7) and only one, Fe & 
Cd were significant (Table 10.7, illustrated in Fig. 10.2A).  11 positive correlations in yolk were 
observed, three of which were significant namely Fe & Zn, Cu & Zn and Zn & As (Table 10.7).  No 
negative correlations were observed  in any metal in gills, muscle and skin (Table 10.7).  In gills 
there were eight significant positive correlations, for muscle 13 and for skin 14 (Table 10.7).  Three 
non-significant negative correlations between metals were observed in eye lenses (Table 10.7) and 
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of the 18 positive metal correlations two were significant (Mn & Zn and Fe & Cu).  The liver (Table 
10.7) had 17 positive metal correlations but only one was significant, Zn & As (Table 10.7).  Four 
non-significant negative metal correlations were also observed in the liver (see Table 10.7).  The 
embryos had 13 negative metal correlations (see Table 10.7) but only one was significant (Cu & Cd, 
illustrated in Fig. 10.2B), none of the eight positive correlations were significant.  Stomach content 
and stomach lining (Table 10.7) had seven positive and three negative metal correlations each, none 
of which were significant.  Stomach content had four significant metal correlations out of 14 (Al & 
Fe, Mn & Fe, Mn & Zn and Fe & Zn) (Table 10.7) while stomach lining had nine positive metal 
correlations out of 18 (Al & Fe, Al & Zn, Al & Cd, Mn & Fe, Mn & Zn, Mn & Cd, Fe & Zn, Fe & 
Cd, Zn & Cd).  
Figure 10.1.  Scatter plots to illustrate the negative relationship (significant correlations (P < 
0.05, Table 10.7)) that exist between (A) Mn & Cu and (B) Mn & Cd in vertebrae of S. 
megalops to illustrate which of the metals decreased in concentration and which ones 
increased.  
 
Figure 10.2.  Scatter plots to illustrate the negative relationship (significant correlations (P < 
0.05, Table 10.7)) that exist between (A) Fe and Cd in Egg yolk and between (B) Cu and Cd in 
Embryo in S. megalops to illustrate which of the metals decreased in concentration and which 
ones increased in concentration. 
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Table 10.7.  Results of the Pearson Product Moment Correlation (SIGMASTAT) of different 
metals within a specific tissue type.  Each cell indicates the Correlation coefficient (top value), 
P value (middle value) and Number of samples (bottom value) used in the correlation.  The 
correlations that were significant are highlighted. 
Vertebrae 
Yolk 
Al Mn Fe Cu Zn As Cd 
Al --- 
-0.331 
0.270 
13 
-0.413 
0.160 
13 
0.508 
0.0764 
13 
0.808 
< 0.001 
13 
0.750 
0.003 
13 
0.790 
0.001 
13 
Mn 
-0.369 
0.238 
12 
--- 
-0.274 
0.364 
13 
-0.762 
0.002 
13 
-0.0112 
0.971 
13 
-0.479 
0.098 
13 
-0.601 
0.030 
13 
Fe 
0.143 
0.659 
12 
0.472 
0.122 
12 
--- 
0.475 
0.101 
13 
-0.511 
0.0741 
13 
-0.0636 
0.836 
13 
-0.0420 
0.892 
13 
Cu 
-0.293 
0.356 
12 
0.501 
0.097 
12 
0.519 
0.084 
12 
--- 
0.202 
0.508 
13 
0.536 
0.059 
13 
0.819 
< 0.001 
13 
Zn 
-0.3 
0.343 
12 
0.212 
0.508 
12 
0.576 
0.0499 
12 
0.784 
0.003 
12 
--- 
0.590 
0.034 
13 
0.510 
0.075 
13 
As 
-0.388 
0.212 
12 
-0.0737 
0.82 
12 
0.0486 
0.881 
12 
0.361 
0.248 
12 
0.643 
0.024 
12 
--- 
0.500 
0.082 
13 
Cd 
-0.164 
0.61 
12 
-0.223 
0.487 
12 
-0.607 
0.0364 
12 
-0.561 
0.0575 
12 
-0.311 
0.325 
12 
0.0897 
0.782 
12 
--- 
Gills 
Eye lens 
Al Mn Fe Cu Zn As Cd 
Al --- 
0.532 
0.062 
13 
0.308 
0.306 
13 
0.294 
0.330 
13 
0.789 
0.001 
13 
0.358 
0.230 
13 
0.943 
< 0.001 
13 
Mn 
0.107 
0.729 
13 
--- 
0.500 
0.0821 
13 
0.708 
0.007 
13 
0.741 
0.004 
13 
0.271 
0.370 
13 
0.528 
0.0637 
13 
Fe 
0.0871 
0.777 
13 
0.183 
0.551 
13 
--- 
0.133 
0.665 
13 
0.704 
0.007 
13 
0.690 
0.009 
13 
0.397 
0.179 
13 
Cu 
0.484 
0.0935 
13 
0.495 
0.085 
13 
0.686 
0.00963 
13 
--- 
0.244 
0.422 
13 
0.0186 
0.952 
13 
0.168 
0.584 
13 
Zn 
0.0744 
0.809 
13 
0.902 
< 0.001 
13 
0.0499 
0.871 
13 
0.212 
0.487 
13 
--- 
0.642 
0.0181 
13 
0.867 
< 0.001 
13 
As 
0.0113 
0.971 
13 
0.597 
0.031 
13 
-0.0321 
0.917 
13 
0.0907 
0.768 
13 
0.543 
0.055 
13 
--- 
0.411 
0.163 
13 
Cd 
0.525 
0.066 
13 
-0.043 
0.889 
13 
0.251 
0.408 
13 
0.517 
0.070 
13 
-0.196 
0.521 
13 
0.0342 
0.912 
13 
--- 
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Table 10.7. Continue.  
Liver 
Muscle 
Al Mn Fe Cu Zn As Cd 
Al --- 
-0.0327 
0.916 
13 
-0.0139 
0.964 
13 
0.0154 
0.960 
13 
0.121 
0.694 
13 
0.114 
0.712 
13 
0.0170 
0.956 
13 
Mn 
0.713 
0.006 
13 
--- 
0.433 
0.139 
13 
0.478 
0.0985 
13 
-0.00591 
0.985 
13 
-0.172 
0.574 
13 
0.299 
0.321 
13 
Fe 
0.0872 
0.777 
13 
0.506 
0.0779 
13 
--- 
0.546 
0.053 
13 
0.496 
0.085 
13 
0.507 
0.0771 
13 
0.235 
0.439 
13 
Cu 
0.534 
0.060 
13 
0.889 
< 0.001 
13 
0.613 
0.026 
13 
--- 
0.534 
0.0604 
13 
0.526 
0.0647 
13 
0.300 
0.319 
13 
Zn 
0.778 
0.002 
13 
0.682 
0.010 
13 
0.386 
0.193 
13 
0.772 
0.002 
13 
--- 
0.923 
< 0.001 
13 
0.419 
0.154 
13 
As 
0.615 
0.025 
13 
0.674 
0.012 
13 
0.222 
0.467 
13 
0.754 
0.003 
13 
0.808 
< 0.001 
13 
--- 
0.292 
0.334 
13 
Cd 
0.953 
< 0.001 
13 
0.776 
0.002 
13 
0.154 
0.616 
13 
0.552 
0.050 
13 
0.713 
0.006 
13 
0.544 
0.0544 
13 
--- 
Embryo 
Skin Al Mn Fe Cu Zn As Cd 
Al --- 
-0.311 
0.497 
7 
-0.240 
0.604 
7 
-0.618 
0.139 
7 
-0.154 
0.741 
7 
-0.549 
0.201 
7 
0.612 
0.144 
7 
Mn 
0.617 
0.025 
13 
--- 
0.663 
0.105 
7 
0.139 
0.766 
7 
-0.473 
0.284 
7 
0.462 
0.297 
7 
-0.138 
0.768 
7 
Fe 
0.72 
0.005 
13 
0.92 
< 0.001 
13 
--- 
0.434 
0.331 
7 
-0.164 
0.726 
7 
0.225 
0.628 
7 
-0.227 
0.625 
7 
Cu 
0.463 
0.111 
13 
0.87 
< 0.001 
13 
0.905 
< 0.001 
13 
--- 
-0.201 
0.666 
7 
0.578 
0.174 
7 
-0.906 
0.0049 
7 
Zn 
0.756 
0.003 
13 
0.764 
0.002 
13 
0.782 
0.002 
13 
0.701 
0.008 
13 
--- 
-0.349 
0.443 
7 
0.115 
0.806 
7 
As 
0.0789 
0.798 
13 
0.227 
0.456 
13 
0.394 
0.183 
13 
0.423 
0.15 
13 
0.158 
0.605 
13 
--- 
-0.605 
0.150 
7 
Cd 
0.688 
0.009 
13 
0.957 
< 0.001 
13 
0.928 
< 0.001 
13 
0.896 
< 0.001 
13 
0.881 
< 0.001 
13 
0.204 
0.503 
13 
--- 
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Table 10.7. Continue. 
Spleen 
Stomach lining 
Al Mn Fe Cu Zn As Cd 
Al --- 
0.764 
0.002 
13 
0.470 
0.105 
13 
0.959 
< 0.001 
13 
0.911 
< 0.001 
13 
-0.0512 
0.868 
13 
0.947 
< 0.001 
13 
Mn 
0.418 
0.155 
13 
--- 
0.449 
0.124 
13 
0.879 
< 0.001 
13 
0.710 
0.007 
13 
0.0493 
0.873 
13 
0.801 
< 0.001 
13 
Fe 
0.698 
0.008 
13 
0.618 
0.024 
13 
--- 
0.586 
0.035 
13 
0.716 
0.006 
13 
0.635 
0.020 
13 
0.649 
0.016 
13 
Cu 
0.279 
0.356 
13 
0.236 
0.437 
13 
0.0818 
0.79 
13 
--- 
0.914 
< 0.001 
13 
0.0220 
0.943 
13 
0.981 
< 0.001 
13 
Zn 
0.735 
0.004 
13 
0.677 
0.011 
13 
0.904 
< 0.001 
13 
0.309 
0.305 
13 
--- 
0.247 
0.416 
13 
0.913 
< 0.001 
13 
As 
0.193 
0.527 
13 
-0.284 
0.347 
13 
0.0111 
0.971 
13 
0.364 
0.221 
13 
0.223 
0.465 
13 
--- 
0.0209 
0.946 
13 
Cd 
0.711 
0.006 
13 
0.699 
0.008 
13 
0.949 
< 0.001 
13 
-0.0252 
0.935 
13 
0.874 
< 0.001 
13 
-0.145 
0.638 
13 
--- 
Stomach content  Al Mn Fe Cu Zn As Cd 
Al 
0.412 
0.162 
13 
0.886 
< 0.001 
13 
0.361 
0.226 
13 
0.420 
0.153 
13 
-0.277 
0.359 
13 
-0.109 
0.722 
13 
Mn 
0.566 
0.044 
13 
0.525 
0.065 
13 
0.954 
< 0.001 
13 
-0.301 
0.318 
13 
0.322 
0.283 
13 
Fe 
0.178 
0.562 
13 
0.624 
0.023 
13 
-0.188 
0.539 
13 
0.170 
0.579 
13 
Cu 
0.402 
0.173 
13 
-0.160 
0.602 
13 
0.190 
0.533 
13 
Zn 
-0.171 
0.576 
13 
0.277 
0.360 
13 
As 
-0.0290 
0.925 
13 
Cd 
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3.4.  Correlations between the concentrations of a specific metal between eight different tissue 
types.    
The correlation coefficient results to determine if there was a relationship of a specific metals’ 
concentration between different tissue types are tabulated in Table 10.8.  A positive correlation 
indicated that the metal concentration in the compared tissue types increased, while a negative 
correlation indicated that the same metal’s concentration increased in one tissue type but decreased 
in the other tissue types.  
 non -significant negative tissue correlations were recorded for Al (Table 10.8) between the eight 
tissue types and 21 positive tissue correlations of which seven were significant.  Out of six negative 
tissue correlations for Mn (Table 10.8), three were significant (vertebrae & liver, vertebrae & 
muscle and vertebrae & stomach content (the significant negative correlations are represented in 
Fig. 10.3 (A, B, C) to illustrate which of the metals decreased in concentration and which ones 
increased).  23 positive correlations were observed for Mn of which nine were significant.  Fe 
(Table 10.8) had 14 non -significant negative tissue correlations and of the 14 observed positive 
tissue correlat ions three were significant namely vertebrae vs. muscle, egg yolk vs. skin and egg 
yolk vs. stomach lining.  No negative correlation was recorded for Cu (Table 10.8).  From the 28 
positive tissue correlations for Cu 12 were significant.  Zn (Table 10.8) had four non -significant 
negative tissue correlations and 24 positive correlations of which 10 were significant.  There were 
14 negative and 14 positive tissue correlations for As.  One of the correlations for As between tissue 
types were significantly negative namely muscle vs. stomach content (the negative relationship 
between the tissue types is represented in Fig. 10.4 to illustrate in which tissue type the As 
concentration decreased while it increased in another tissue type).  One significantly positive tissue 
correlation was observed for As namely vertebrae & skin and muscle & skin (Table 10.8).  Cd 
(Table 10.8) had 13 non-significant correlations and 15 positive correlations of which 11 were 
significant.  
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Figure 10.3.  Scatter plots to illustrate the negative correlations recorded for manganese 
concentrations between (A) vertebrae and liver, (B) vertebrae and muscle and (C) vertebrae 
and stomach content (as presented in Table 10.8) to illustrate in which tissue type the Mn 
concentration increased while it decreased in another.  
 
Figure 10.4.  Scatter plots to illustrate the negative correlations recorded for arsenic 
concentrations between muscle and stomach content (as presented in Table 10.8) to illustrate 
in which tissue type the As concentration increased while it decreased in another. 
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Table 10.8.  Results of the Pearson Product Moment Correlation (SIGMASTAT) of a specific 
metal between vertebrae, yolk, gills liver muscle, skin, stomach content and stomach lining.  
Each cell indicates the Correlation coefficient (top value), P value (middle value) and Number 
of samples (bottom value) used in the correlation.  Correlations that were significant are 
highlighted.  
Al 
Mn Vertebrae Yolk  Gills Liver Muscle Skin 
Stomach 
content 
Stomach 
lining 
Vertebrae --- 
0.028 
0.932 
12 
0.768 
0.002 
13 
-0.123 
0.688 
13 
0.831 
<0.001 
13 
0.661 
0.014 
13 
0.371 
0.213 
13 
-0.189 
0.537 
13 
Yolk  
-0.539 
0.071 
12 
---  
0.080 
0.805 
12 
-0.168 
0.602 
12 
-0.028 
0.932 
12 
0.397 
0.202 
12 
-0.342 
0.277 
12 
-0.261 
0.413 
12 
Gills 
0.215 
0.48 
13 
0.120 
0.710 
12 
--- 
0.414 
0.160 
13 
0.876 
<0.001 
13 
0.695 
0.008 
13 
0.343 
0.251 
13 
0.268 
0.376 
13 
Liver 
-0.597 
0.031 
13 
0.686 
0.014 
12 
0.431 
0.141 
13 
---  
0.151 
0.623 
13 
0.241 
0.427 
13 
0.102 
0.739 
13 
0.678 
0.011 
13 
Muscle 
-0.791 
0.001 
13 
0.648 
0.023 
12 
0.037 
0.905 
13 
0.763 
0.002 
13 
--- 
0.688 
0.009 
13 
0.347 
0.246 
13 
0.230 
0.450 
13 
Skin 
-0.428 
0.144 
13 
0.424 
0.169 
12 
0.481 
0.097 
13 
0.509 
0.076 
13 
0.546 
0.054 
13 
--- 
-0.152 
0.619 
13 
0.224 
0.463 
13 
Stomach content  
-0.577 
0.039 
13 
0.541 
0.069 
12 
0.437 
0.136 
13 
0.724 
0. 005 
13 
0.737 
0.004 
13 
0.915 
<0.001 
13 
--- 
-0.136 
0.658 
13 
Stomach lining 
-0.521 
0.068 
13 
0.444 
0.149 
12 
0.516 
0.071 
13 
0.573 
0.041 
13 
0.535 
0.059 
13 
0.901 
<0.001 
13 
0.809 
<0.001 
13 
--- 
Fe 
Cu Vertebrae Yolk  Gills Liver Muscle Skin 
Stomach 
content 
Stomach 
lining 
Vertebrae --- 
- 0.094  
0.771 
12 
-0.552 
0.0503 
13 
-0.360 
0.227 
13 
0.971 
< 0.001 
13 
-0.315 
0.294 
13 
-0.257 
0.397 
13 
-0.121 
0.694 
13 
Yolk  
0.232 
0.306 
12 
---  
0.231 
0.471 
12 
-0.015 
0.964 
12 
0.002 
0.995 
12 
0.874 
< 0.001 
12 
0.434 
0.159 
12 
0.657 
0.020 
12 
Gills 
0.331 
0.27 
13 
0.388 
0.213 
12 
--- 
0.339 
0.257 
13 
-0.498 
0.083 
13 
0.377 
0.204 
13 
- 0.0278 
0.928 
13 
0.447 
0.126 
13 
Liver 
0.384 
0.195 
13 
0.446 
0.146 
12 
0.495 
0.085 
13 
---  
-0.186 
0.542 
13 
0.316 
0.292 
13 
0.209 
0.494 
13 
-0.0584 
0.850 
13 
Muscle 
0.765 
0.002 
13 
0.662 
0.019 
12 
0.369 
0.214 
13 
0.574 
0.040 
13 
--- 
-0.160 
0.601 
13 
-0.131 
0.670 
13 
-0.087 
0.778 
13 
Skin 
0.6 
0.03 
13 
0.548 
0.065 
12 
0.403 
0.172 
13 
0.367 
0.218 
13 
0.645 
0.017 
13 
--- 
0.553 
0.0502 
13 
0.424 
0.149 
13 
Stomach content  
0.481 
0.096 
13 
0.604 
0.038 
12 
0.91 
<0.001 
13 
0.575 
0.040 
13 
0.538 
0.058 
13 
0.605 
0.028 
13 
--- 
0.267 
0.378 
13 
Stomach lining 
0.183 
0.55 
13 
0.552 
0.063 
12 
0.607 
0.028 
13 
0.713 
0.00618 
13 
0.52  
0.0688 
13 
0.285 
0.346 
13 
0.659 
0.0142 
13 
--- 
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Table 10. 8.  Continue.  
Z n 
As Vertebrae Yolk  Gills Liver Muscle Skin 
Stomach 
content 
Stomach 
lining 
Vertebrae --- 
0.224 
0.483 
12 
0.564 
0.045 
13 
0.026 
0.933 
13 
0.389 
0.189 
13 
0.572 
0.041 
13 
0.723 
0.005 
13 
- 0.008  
0.978 
13 
Yolk 
0.113 
0.727 
12 
--- 
0.581 
0.048 
12 
0.038 
0.908 
12 
0.602 
0.038 
12 
0.441 
0.151 
12 
0.374 
0.231 
12 
0.629 
0.028 
12 
Gills 
-0.099 
0.749 
13 
0.011 
0.974 
12 
--- 
-0.313 
0.298 
13 
0.415 
0.158 
13 
0.889 
< 0.001 
13 
0.544 
0.055 
13 
0.623 
0.023 
13 
Liver 
-0.051 
0.869 
13 
0.305 
0.336 
12 
- 0.215 
0.481 
13 
--- 
0.177 
0.563 
13 
-0.164 
0.591 
13 
0.112 
0.715 
13 
- 0.108  
0.725 
13 
Muscle 
0.402 
0.173 
13 
0.102 
0.752 
12 
- 0.255 
0.401 
13 
0.13 
0.673 
13 
--- 
0.514 
0.072 
13 
0.694 
0.008 
13 
0.305 
0.310 
13 
Skin 
0.608 
0.028 
13 
-0.371 
0.235 
12 
- 0.419 
0.154 
13 
-0.202 
0.508 
13 
0.597 
0.031 
13 
--- 
0.550 
0.052 
13 
0.640 
0.019 
13 
Stomach content 
0.131 
0.671 
13 
0.193 
0.547 
12 
- 0.141 
0.646 
13 
0.068 
0.825 
13 
-0.566 
0.044 
13 
-0.311 
0.301 
13 
--- 
0.254 
0.403 
13 
Stomach lining 
-0.059 
0.849 
13 
0.359 
0.252 
12 
- 0.121 
0.693 
13 
0.288 
0.34 
13 
-0.371 
0.212 
13 
-0.279 
0.355 
13 
0.546 
0.054 
13 
---  
Cd Vertebrae Yolk  Gills Liver Muscle Skin 
Stomach 
content 
Stomach 
lining 
Vertebrae  
-0.403 
0.194 
12 
0.612 
0.026 
13 
-0.383 
0.196 
13 
0.807 
< 0.001 
13 
0.590 
0.034 
13 
0.035 
0.909 
13 
0.109 
0.722 
13 
Yolk    
-0.562 
0.057 
12 
0.052 
0.871 
12 
-0.469 
0.124 
12 
0.526 
0.079 
12 
-0.087 
0.788 
12 
-0.459 
0.134 
12 
Gills 
-0.298 
0.322 
13 
0.833 
< 0.001 
13 
0.991 
< 0.001 
13 
0.648 
0.017 
13 
0.741 
0.004 
13 
Liver 
-0.239 
0.432 
13 
-0.289 
0.339 
13 
-0.343 
0.252 
13 
- 0.242  
0.426 
13 
Muscle 
0.802 
< 0.001 
13 
0.274 
0.366 
13 
0.262 
0.387 
13 
Skin 
0.637 
0.019 
13 
0.767 
0.002 
13 
Stomach content 
   
 
 
 
 
0.767 
0.002 
13 
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4.  Discussion. 
 
4.1.  A comparison of the metal concentrations of different tissue types in S. megalops with 
other species from around the world. 
Comparing the results of this study on heavy metal concentrations in various tissue types of S.   
megalops with those from the literature should be interpreted with caution as different digestion and 
preparation methods were used in most of these studies.  
Though the metal concentrations in certain tissue types between the species were within the same 
order of magnitude it must be kept in mind that these sharks are from different areas in the world 
(England, USA and Australia), their habitats range from deep sea to open pelagic (Table 10.9) and 
from the surface to the bottom, growth rates are different, and that in some instances metal 
concentrations from different sexes were compared (only females were used in this study).  Table 
10.9 contain information on a number of shark species mentioned in the discussion (as well as 
Table 10.2) such as their common names, specimen length and their general habitat and 
distribution.   
One way of comparing the concentration results in different shark species is by using a 
concentration series for metals and tissues as developed and presented in Tables 12.5 and 12.6 and 
discussed in Sections 4.1.1 and 4.1.2.   
Table 10.9.  General information on the shark species used for comparative purposes  
(information as supplied by Compagno, 1984,* Kittle, 2003, $Piercy, 2003). 
Species Name Total Length (cm) Habitat 
C. milberti Sandbar shark 300 Inn/off shore, Coastal/pelagic 
S. lewini  Scalloped hammerhead 370 – 420 Coastal pelagic (Surface swimmer) 
C. obscurus Dusky shark 400 Inn/off shore, Coastal/pelagic Surface to 400 m depth 
S. tiburo Bonnethead shark 150 Inshore coastal, 10 – 25 m depth 
P. glauca Blue shark 383 Ocean pelagic, Surface to 152 m depth 
I. oxyrunchus Shortfin mako 394 - 400 Off shore, littoral pelagic Surface to 152 m depth 
S. acanthias Piked dogfish 160 In/off shore, usually bottom swimming 
S. canicula Small spotted catshark 100 Bottom dwelling catshark (Europe) 
D. calcea Birdbeak dogfish 111 Deepwater, 73 – 1450 meters on or 
near bottom 
C. crepidater Longnose velvet dogfish 90 Deepwater, on or near bottom 
R. bonasus* Cownose ray -- Pelagic to 22 m depth (North Atlantic) 
R. eglanteria$ Clearnose skate -- Inshore and Off shore (east coast USA) 
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4.1.1.  Metal concentration series: a discussion on the possible physiological effects of the positions 
of the metals within the metal concentration series for S. megalops (with notes on the metal 
concentration series of other species).  
Four of the metals used in this study (Fe, Mn, Cu and Zn) are essential in certain physiological 
processes such as enzyme functions and Fe is a component of haemoglobin in vertebrates (Dove 
and Kingsford, 1998,  Papadopoulous, Kanias and Moraitopoulou -Kassimati, 1978).  Other metals 
such as Al, As and Cd, are non-essential metals in physiological processes, but may affect these 
when present in sublethal concentrations (Eisler and Gardner, 1973).  From the results in this study 
the accumulation of metals in different tissue types can be divided into three categories in terms of 
concentration levels in the tissues of S megalops, (1) Fe and Zn accumulated in the highest 
concentrations positions in all tissue types (except for As that has the highest concentration in 
muscle tissue); (2) Al and As occurred at the second highest levels in all tissues, whilst (3) Mn, Cu 
and Cd can be grouped in the lowest concentrations position with Cd accumulating generally in the 
least amount.  These results for S. megalops are similar to results from other species from around 
the world (Table 10.5), as Fe and Zn have been reported as generally having the highest metal 
concentration.  Another similar result is the low concentration of Cu, Mn and Cd occupying the last 
three concentration positions in the metal concentration series (Table 10.5).  Due to the similarities 
in the metal concentration series between the different shark species the possibility of an analogous 
accumulation, transport and detoxification system between the species exist.  
The high concentration of Fe is not surprising due to its importance in certain biolo gical functions 
(component of haemoglobin) as is the concentration of Zn (component of several enzymes) 
(Márquez et al., 1998).  As Cu and Mn are both essential elements one would expect them to have 
higher concentration in the metal concentration series than the non-essential metals Al and As.  This 
is not the case and Cu and Mn occur at a lower concentration position than As and Al and as a result 
As and Al could influence the physiology of the organisms due to the displacement of essential 
metals in the active sites of enzymes and proteins (Simkiss et al., 1982).  As the regulation of 
essential and non-essential metals are dependent on the environmental levels the low position of Mn 
and Cu in the metal concentration series may be indicative of elevated levels  of Al and As in the 
environment (Amiard, Amiard-Triquet, Berthet and Metayer, 1987).  The position of Al in the 
concentration series is easily explained due to its high concentration in sediment while the high 
concentration of arsenobetaine (a derivative of As) in crustaceans, a major food source of S. 
megalops may explain the accumulation of these two metals in S. megalops (Compagno, 1984, 
Farag, Woodward, Brumbaugh, Goldstein, MacConnell, Hogstrand and Barrows, 1999, Kurosawa, 
Yashuda, Taguchi, Yamazaki, Toda, Morita, Uehiro and Fuwa, 1980).  Though Cd is a very toxic 
metal there either are some sort of regulation in the absorption of this metal as it usually occurs in 
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very low concentrations, or Cd, Cu and Mn compete for the same ligand binding position in 
membrane channels as described in Chapter 3 (Corril and Huff, 1976).  As a result the uptake of Cd 
may occur via the same channels as Mn2+ and Cu2+ and as these three metals would then compete 
for the same binding positions on transport proteins it may explain the last three metal positions in 
the concentration series.  It might also be possible that the ligands or transport proteins responsible 
for the uptake of Cu and Mn are not specific in the metals that they bind and transport across cell 
membranes and as a result Al, As and Cd and other metals may be transported across the cell 
membranes.  
 The liver and the gills are well known sites responsible for the excretion of biotransformed 
products of metals such as Cd (Buhler and Williams, 1988). As a result one would expect the metal 
concentration series of liver and gills to be slightly different from the other tissues such as muscle, 
vertebrae and embryos to name but a few.  This is not illustrated in S. megalops and may be an 
indication that although this species is exposed to elevated concentrations of non -essential metals, 
the concentrations are not high enough to pose a threat to the animal.  An exception may be the 
metal concentration positions for Al and As that may indicate that no speciality detoxification 
systems, such as metallothionein production have been activated (Kägi, 1991).  The presence of 
metallothionein in the liver of S. megalops will be discussed in Chapter 11. 
4.1.2.  Tissue concentration series: a discussion on the possible accumulation and detoxification of 
metals as exerted by tissues due to the positions of the tissues within the tissue concentration series 
for S. megalops (with notes on the tissue concentration series of other species).  
By determining and using the concentration series of a metal in different tissue types, it is possible 
to begin to understand the processes involved in the regulation and accumulation of metals 
(Papadopoulou et al., 1978) as metals are usually not uniformly distributed in the body but localised 
in  different tissue types (Ray, 1984).  In this study spleen tissue usually had the highest 
concentration of metals (Table 10.6) occupying the highest concentration position in the tissue 
concentration series.  Two exceptions were the tissue concentration position of skin for Al 
concentration and in muscle tissue for As concentration.  As the spleen is the site where old red 
blood cells are destroyed and where blood cells are stored this may indicate that the metals are in 
some way associated with red blood cells (Alters, 2000).  If the metals are bound to the 
haemoglobin protein this is an issue that needs examination and the physiological implications will 
have to be determined.  Judging by the literature Fe appears to have the highest concentration in 
spleen of species such as R. clavata, I. oxyrhinchus, and S. canicula.  This is not unexpected as Fe is 
one of the main components of the haem groups of haemoglobin (Alters, 2000).   
R. clavata, I. oxyrhinchus and S. canicula had the highest concentration of Mn  in vertebrae, while in 
S. megalops vertebrae contained the second highest concentration of Mn besides the spleen.  
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Cartilaginous tissue in sharks is known to accumulate Mn and this result confirms previous results 
(Allinson et al.,  2002, Crespo et al., 1979).  The distribution of Fe in the tissue concentration series 
(spleen > liver > gills) of S. megalops, R. clavata and I. oxyrinchus occupy the same concentration 
positions indicating the possibility of a similar method of Fe concentration and regulation between 
the tissue types in different species.   
The high Al concentration in the skin may indicate that Al concentration in the water is very high 
(but not confirmed, due to the high concentration in sediment and the continuous exchange of 
metals in sediment and water) resulting in the accumulation of Al by the skin.  High Al 
concentrations may also exert toxic effects on people working with the skins (taxidermis) (Johnson, 
1978).  The high As concentration in muscle tissue (muscle occupying the first concentration 
position in the tissue concentration series) was expected as As accumulation in the muscle tissue of 
sharks has been reported for several species (Windom et al., 1973).   
The concentration series of metals in different tissue types (Table 10.6) may illustrate the effect that 
metal concentrations in the environment and in food have on the accumulation of metals by 
animals.  This is illustrated by the concentration position (second to fourth highest concentration 
position) of the tissue types associated with the concentration of metals in the environment 
(stomach lining, skin and gill) in the tissue concentration series (Table 10.6).  As the stomach lining 
has a higher concentration than the two tissue types associated with concentrations in water (i.e. 
gills and skin) it may indicate that the concentration of metals in food have a bigger influence in the 
process of bioaccumulation than concentrations in the water, as is generally the case (Kureishy, 
George and Sen Gupta, 1979).  The skin has a higher concentration than the gills and it may 
indicate that the regulatory processes of metal species entering the gill filaments and the skin are 
different.   
The liver (a detoxification tissue type) occupied the fifth concentration position in the tissue 
concentration series (Table 10.6) (Schnell, 1978).  This position may indicate that accumulated 
metals are rerouted to the liver for detoxification and excretion from the body, especially as the 
liver is positioned after the environmental indicator tissue types in the tissue concentration series 
(Table 10.6).   
The eye lens, muscle, egg yolk and embryos occupied the last four concentration positions in the 
tissue concentration series (Table 10.6).   Egg yolk and embryos are both very young tissue types 
and as with other shark species, they do not appear to accumulate metals in high concentrations as 
reported for other older tissue types in the body (Windom et al., 1973).  The concentration position 
for the muscle tissue may be explained by the higher accumulation of As in it, if As has a higher 
affinity for the proteins present in muscle it may displace other metals (Ray, 1984).  This would 
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result in a high As concentration but low concentrations of the other metals and thus a low general 
concentration position in the tissue concentration series.   
Eye lenses do not have regulation mechanisms for toxic metals and as a result they may accumulate 
certain toxic metals. They do however regulate the concentration of Mn and Cu, which are co -
factors for enzymes involved in the lenticular metabolic pathways (Dove and Kingsford, 1998).  As 
a result the concentration of toxic metals in the eye lens, as well as the position of the eye lens in the 
tissue concentration series for specific metals may indicate what toxic metals are accumulated.  An 
example is the fourth concentration position of eye lenses for the toxic metal Cd.  This may indicate 
that eye lenses are a good indicator tissue for Cd exposure as Cu (fifth position) and Mn (third 
position) are metabolically important and as a result their uptake may be strongly regulated (Dove 
and Kingsford, 1998).    
4.2.  The effect that the correlation between different metal concentrations (Al, As, Fe, Zn, Cd, 
Cu, Mn), in a specific tissue type, have on the metabolism (accumulation) of each other.  
This section would be discussed in two sections namely negative correlations (the concentration of 
on metal in a tissue type increase while that of another decrease) and positive correlations (the 
concentration of both metals increase). 
4.2.1.  Negative correlations. 
Organisms need Fe, Cu, Mn and Zn as they form part of enzymes or proteins (Dove and Kingsford, 
1998).  Three metals that are not needed for biological processes by organisms are As, Al and Cd, 
and may exert toxic effects on the organisms if their concentrations become to high (Corril and 
Huff, 1976).  In S. megalops metabolic essential metals in the vertebrae (Mn) (Fig. 10.1 A), yolk 
(Fe) (Fig. 10.2A) and embryo (Cu) (Fig. 10.2B) seems to be replaced by Cd, i.e. their 
concentrations decreased while those of Cd increased.  One of the main reasons for toxicity effects 
such as reduced enzyme activity is due to the replacement of essential metals with the non -essential 
metals in enzymes and proteins (Bremner, 1974, Simkiss et al., 1982).  If a non -essential metal 
replaces an essential metal, its concentration would increase as the essential metals’ concentration 
decrease.  Negative correlations between essential metals (Mn & Cu in vertebrae, Fig. 10.1B) may 
be due to the two metals competing for binding sites on a single ligand (Simkiss et al.,  1982) and if 
one has a greater affinity for the ligand or are present in greater concentrations in the environment 
or food it would be preferentially bound to the ligand (Amiard et al., 1987).  It has been shown that 
Mn tends to accumulate in the vertebrae of sharks and the highest Mn concentration in animals is 
usually found in calcified or cartilaginous tissue (Vas and Gordon, 1988).  If the replacement of Cu 
by Mn, (negative correlation between Mn and Cu as observed in this study, Table 10.7), is of any 
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physiological importance still needs to be determined as no information on the specific ligands or 
enzymes affected is available. 
4.2.2.  Positive correlations. 
Many studies have been done on the synergism and antagonistic effects of metals on organisms 
(Bremner, 1974, Eisler and Gardner, 1973, McLusky, Bryant and Campbell, 1986).  To really 
understand these synergistic and antagonistic effects it is also important that the cell physiology and 
the ligands involved be studied (Simkiss et al., 1982).  Though this study did not look into the 
physiological aspect the effect one metal concentration may have on the accumulation of another is 
a step in the right direction as it may highlight which relationships need to be further investigated.  
Correlation of non -essential metals with each other resulted in 8 positive correlations, namely 6 for 
Al & Cd (vertebrae, gills, muscle, skin, spleen and stomach lining), and two for Al & As (vertebrae 
and muscle).  As Al is one of the major elements in the earths crust the effect that it has on the 
accumulation of other toxic metals such as Cd and As should not be underestimated (Farag et al., 
1999).  This positive effect between Al and As and Cd may be indicative of a synergistic effect that 
may have a negative impact on the organism, especially as high Al concentrations in the diet (from 
sediment ingestion) have been shown to facilitate the accumulation of other metals (Farag et al., 
1999).  Thirty-seven positive correlations were found between essential and non-essential elements 
and 28 between essential metals.  These relationships may be indicative of the environmental 
concentrations (Farag et al., 1999) or synergistic accumulation effects.  Some positive correlations 
(Mn vs. Fe, Fe vs. Zn and Zn vs. Cu) occur naturally (Simkiss et al.,  1982), and thus any deviations 
from this relationship may be an index of pollution.  Metals may also be retained in the body 
(resulting in positive correlations) by two processes : (1) blocking the active sites of enzymes, thus 
more enzymes need to be produced to fulfil their function or (2) they may become trapped by a 
detoxification sink, thus increasing their concentration.  Unfortunately the metabolism of metals are 
complex and for a specific metal the specificity of its transport across the cell membrane may 
depend on its affinity for the functional groups of a metalloenzyme or a detoxification protein 
(Simkiss et al., 1982).  The metabolism of metals may also be dependent on the relationships that 
exist between organs and intracellular organelles that are involved in the bioactivation and 
detoxification of metals (Gangolli and Phillips, 1993). 
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4.3.  The effect that the correlation between different tissue types (gills, vertebrae, egg yolk, 
liver, muscle, skin, stomach content and stomach lining) have on the accumulation or 
detoxification of a specific metal. 
A negative correlation for a specific metal between two different tissue types occur when the 
concentration of the metal in tissue type A increase while it decrease in tissue type B.  A positive 
correlation indicates that the metal concentration in two tissue types increase together.  
4.3.1.  Negative correlations. 
Negative correlations of a metal between two tissue types may be indicative of the removal of the 
metal from one site to be stored in or detoxified by another tissue type.  Negative correlations 
between tissue types were observed for two metals, namely Mn and As.  The concentration of Mn 
in vertebrae increased while its concentration in liver (Fig. 10.3A), muscle (Fig. 10.3B) and 
stomach content decreased (Fig. 10.3C).  This accumulation of Mn in the vertebrae of sharks is not 
a new occurrence and may actually be due to the transport of Mn via calcium channels in cell 
membranes to the cartilage (Simkiss and Taylor, 1995, Vas and Gordon, 1988, Vas and Gordon, 
1993).  As vertebrae are considered to be one of the main storage sites of metals and as Mn is an 
essential metal this increase of Mn in the vertebrae should not pose to much of a physiological risk 
to sharks as it may just be a natural storage site for Mn (Dove and Kingsford, 1998. Vas et al., 
1990).   
The negative relationship between As in muscle and stomach content (Fig. 10.4) may be explained 
by the fact that sharks are known to accumulate As (Kurosawa et al., 1980). Thus even if As 
concentration in the water or in the food decrease it will be accumulated by the sharks.  In general 
the accumulation of the metals is influenced by the form in which it is present in the water and the 
food (Foulkes, 2000) and certain forms would accumulate at a higher rate; thus if the As species 
present in the water or the food are easily transported across membranes the concentration in certain 
tissue will increase, especially as there are differences in the transport mechanisms of cell 
membranes for different tissue types and organs (Foulkes, 2000).   
4.3.2.  Positive correlations. 
Several positive correlations were found between specific metal concentrations in different tissues, 
indicating that as the one metal concentration increase so does another.  This phenomena can be 
explained by discussing the correlations under four subheadings: positive correlations between (1) 
tissues associated with environmental metal concentrations (gill, lens, skin, stomach content, 
stomach lining) vs. storage type tissues (cartilage, muscle, yolk, embryo), (2) between tissue types 
associated with environmental metal concentrations (gill, lens, skin, stomach content and lining), 
(3) storage tissue types (cartilage, muscle, yolk, embryo) vs. detoxification (liver, spleen) and (4) 
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detoxification tissue types (liver, spleen) vs. tissue types associated with environmental metal 
concentrations. 
4.3.2.1.  Positive correlations between environmental tissue types (gill, eye lens, skin, stomach 
content and lining) and storage tissue types (muscle, vertebrae, yolk and embryo). 
Positive correlation between the tissue types associated with environmental metal levels and storage 
type tissues may indicate that there is accumulation of the metals from the environment and that it is 
distributed to the tissue types associated with the storage of metals.  This may not be a problem for 
biological essential metals (Fe, Zn, Cu and Mn) as they are stored in e.g. vertebrae, to facilitate a 
continued supply of the metals to participate in physiological processes (Crespo et al., 1979).  Of 
more importance are the positive correlations between Al, As and Cd concentrations in certain 
tissue types, as they are metals that are not needed in physiological processes (Corril and Huff, 
1976).  As a result these positive correlations are indicative of the accumulation of these metals, 
most probably due to the displacement of essential elements in enzymes and ligands that could 
result in sub lethal toxic effects (Foulkes, 2000).  
Positive correlations were detected between the skin (Fe), stomach lining (Fe, Zn), stomach content 
(Cu) and gills (Zn) vs. yolk.  As all these are essential metals needed for physiological process and 
enzymes as well as several proteins this positive correlation may illustrates that the female absorb 
or accumulate metals from the environment to create the yolk that would eventually develop into an 
embryo after fertilization.  Positive correlations were also observed between muscle and yolk for 
Mn and Zn. 
4.3.2.2.  Positive correlations between tissues associated with the absorption of metals from the 
environment (gill, eye lens, skin, stomach content and lining). 
Six positive correlations between tissue types associated with metal accumulation from the 
environment were observed for the metals as indicated, namely between gills & skin (Al, Zn, Cd), 
gills & stomach content (Cu, Cd), gills & stomach lining (Cu, Zn, Cd), skin & stomach content 
(Mn, Cu, Cd), skin & stomach lining (Mn, Zn, Cd) and stomach content & stomach lining (Mn, Cu, 
Cd).  Cd is the only metal that are present in all of the positive correlations indicating that the 
accumulation of Cd from the environment may be independent of the Cd concentration in the 
environment or in the food (Simkiss and Taylor, 1995).  The positive correlation of Al 
concentration between gills and skin may indicate that the Al present in S. megalops may be due to 
absorption through the skin rather than as previously thought to be from ingested sediment that is 
rich in Al (Farag et al., 1999).  Another factor to keep in mind is that S. megalops is a bottom 
dwelling shark species (Compagno, 1984) and as there is a continual exchange of metals between 
the sediment and the water the concentration of Al in the water may be high enough to facilitate 
accumulation of certain Al species through the skin and the gills (Foulkes, 2000, Sadiq, 1992).  
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Though Mn, Cu and Zn are essential metals needed in limited amounts (Foulkes, 2000) 
accumulation of too high concentrations may become a problem resulting in sublethal effects 
(Corril and Huff, 1976).   
4.3.2.3.  Positive correlations between storage tissue types (vertebrae, muscle, yolk and embryos) 
and detoxification tissue types (liver and spleen). 
Three positive correlations were observed, two between the storage tissue type (muscle) and the 
detoxification tissue type (liver) and one between the liver and yolk (Mn).  The positive correlations 
between muscle and liver are for the essential metals Mn and Cu and may indicate the concentration 
of these metals are regulated by the muscle and the liver and that it is not a whole body regulation.  
Another factor that may influence the distribution of Mn and Cu in the muscle is the accumulation 
of As that may replace these two essential metals in enzymes and proteins.  As a result what little 
Mn and Cu are accumulated would be removed to the liver for detoxification as they are replaced 
by As. 
The positive correlation between the liver and yolk for Mn is not a problem as Mn is an essential 
metal that would be needed during the development of the embryo. 
No positive correlations were observed between spleen and the storage tissue types (vertebrae, 
muscle, yolk, embryos) (Table 10.8).  The spleen is the site where red blood cells are destroyed as 
they become old, thus if there is a correlation between red blood cells and the spleen in terms of 
metal concentration it would indicate that metals are transported by haemoglobin and it may be 
better to study the concentration of metals in red blood cells (Alters, 2000).  It would also be wise to 
study the correlation between other tissues and red blood cells as this may give an idea of how 
metals are transported between different tissue types.  
4.2.3.4.  Positive correlations between detoxification tissue types (liver, spleen) and tissue types 
associated with environmental metal concentration levels (gill, eye lens, stomach content and 
stomach lining). 
A positive correlation between the liver and tissue types associated with metal levels in the 
environment such as the stomach content and stomach lining would indicate the possibility of a 
direct regulation or accumulation route between liver, stomach content and lining (Buhler and 
Williams, 1988).  An interesting fact is that though there is no positive correlation between Al in 
liver and stomach content, there is one of Al between stomach lining and the liver.  As a result the 
accumulated Al (from food) appears to be transported  to the liver for detoxification, while Al 
accumulated in the skin and gills (from water) appears to be transported to the vertebrae and 
muscle.  But to prove this further study needs to be conducted (most probably using radioactive 
labelled Al) to determine if there is a difference in the resulting distribution of metals in the body 
due to differences in the accumulated metal species from food and water.  Mn and Fe were both 
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positively correlated between liver and stomach content and liver and stomach lining.  This may be 
due to the displacement of other non-essential metals in ligands or due to the detoxification of 
metals that are not needed, as there is a sufficient supply in the body already. 
 
The physiology, regulation, and accumulation of metals from the environment (through water and 
food) are a very complex procedure influenced by many processes.  What is important is that areas 
for further study have been identified as the results have generated more questions.  Possible areas 
for further study is the effect of Al concentration in water on the accumulation of Cd, blood as an 
accumulator of metals as well as a main transport mechanism, and using radioactive labelled metal 
species to differentiate between the transport and accumulation routes of metals from different 
sources (food and water) to different tissue types.  One thing that is for certain is that the response 
of the whole animal is depended on the concentration of the metals in the food and in the water. 
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Chapter 11.  An investigation into the occurrence of metallothioneins in the liver 
of the Shortnose spurdog (Squalus megalops Macleay 1881) caught off Algoa 
Bay, South Africa. 
 
 
1.  Introduction. 
Information on the form in which metals bioaccumulate within marine organisms is sparse (Sadiq, 
1992), but metallothioneins seems to play an  important part in sequestering metals such as 
cadmium, copper and zinc.  Metallothioneins are believed to be important in the detoxification of 
metals (e.g. cadmium) and in the regulation of essential elements such as zinc and copper (Noël-
Lambot, Gerday and Disteche, 1978).  By identifying the presence of this metal in sharks, a baseline 
for further studies on the biosynthesis, metabolism and physiological role of this protein 
(metallothionein) could be ascertained (Kurosawa, Yashuda, Taguchi, Yamazaki, Toda, Morita, 
Uehiro and Fuwa  1980).  Metallothioneins could provide information on the exposure history of the 
organism (if the organism have been exposed to high metal concentrations, high levels of 
metallothioneins would be expressed in the liver) (Bayne, 1989) and on the cellular responses that 
effect detoxification of metals that are accumulated beyond normal concentrations (Overnell and 
Coombs, 1979).  Metallothioneins are characterised by a low molecular weight (6000 – 7000 Da), a 
high Cysteine content (20-30 %), no aromatic amino acids, being heat stable, and having a high 
metal content of 6–11 % (Ray, 1984) (See Chapter 2, Section 5 for more information regarding 
metallothioneins).  The aim of this chapter was to investigate the presence of metallothioneins in 
dogfish (a food source for humans) which could be (a) an indication of the metal levels to which 
they were exposed (derived from the metal concentration in liver) and (b) if Cd, Cu and Zn 
concentrations were high enough to induce metallothionein synthesis.  
 
2.  Materials and methods. 
Detailed information on the study area, the shark species, protein isolation and AAA and N-
Terminal sequencing can be found in Chapter 4.  A brief summary is given below.  
Metallothioneins were isolated from six shark livers by the method of Ang and Chong (1998), using 
hydrophobicity as the basis of protein separation.  The absorbance of the elution profile fractions 
was read at 254 nm and the cadmium (Cd), copper (Cu) and zinc (Zn) concentrations (ppm) 
determined using an ICP-MS.  Fractions in the elution profiles containing metals were selected for 
SDS-PAGE analysis.  Specific bands on the SDS-PAGE gels were selected for amino acid analysis 
and N-terminal sequencing according to their molecular weight as determined using a 
standardisation curve (Fig. 4.14), and identified using BLAST. 
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3.  Results. 
3.1.  Metal concentrations in shark liver. 
The average metal concentrations (ppm) of the six livers were determined and are given in Table 
11.1, together with information on the average metal concentration in seawater.  The total Cd, Cu 
and Zn concentration in the liver of the samples (Table 11.1) indicated that accumulation of the 
three metals (in the six sharks used in this investigation) have occurred as the reported 
con centration is greater than that found in the surrounding waters. It is interesting to note that Cd, a 
non essential element, has reach levels 3.63 times greater than the water level in wet liver and 6.37 
times higher in dry liver samples.  For all three metals the concentration present in the dry liver was 
between 1.5 to 1.7 times the concentrations in the wet liver.  This could be attributed to the amount 
of water present in the liver and lost after the drying process.  The high variability in the 
concentration of metal in the liver might be due to the differences in the sizes of the individuals (57 
– 63 cm total length) used during the course of the investigation, as accumulation and regulation of 
metals change with age (Marcovecchio, Moreno and Pérez, 1991).  Another possible reason for the 
high variability might be that the sharks are from different locations with variable metal 
concentrations.  This is a distinct possibility as the exact location where the sharks were caught is 
unknown, although they were fished between Port Alfred and St. Francis Bay (see Fig. 4.1).   
Table 11.1.  Average total metal concentration in the samples analysed as well as the average 
concentration in sea water.  
 Copper (ppm* ± std) 
Zinc 
(ppm ± std) 
Cadmium 
(ppm ± std) 
Water (Average concentration in sea 
water¤) 0.7 3.5 0.09 
Wet liver 0.1151 ± 0.0556 
1.0262 ± 
0.3912 
0.3267 ± 
0.1843 
Dry liver 0.1824 ± 0.0814 
1.7482 ± 
0.9266 
0.5734 ± 
0.4063 
* ppm = µg/g (solids) and µg/l (water) 
¤ Table 2.9 (metal concentrations in near shore water along the coast of South Africa 
 
3.2.  Metallothionein isolation. 
The isolation procedure followed is illustrated in Fig. 4.13 in Chapter 4.  After ammonium sulphate 
precipitation the supernatant was divided into two fractions that was loaded onto Butyl-Sepharose 
(Fig. 4.13).  Since the metallothionein isolation procedures of the six liver samples yielded similar 
results, the results from the sixth isolation, which will be discussed here.  Elution profiles for liver 
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sample 6 are therefore given in Fig. 11.1 and 11.2 respectively.  Gel electrophoresis on a 18% 
Polyacrylamide gels for the six samples yielded similar results and therefore only the sixth repeat is 
illustrated (Fig. 11.3 A & B and Fig. 11.4 A & B).   
Figure 11.1.  Elution profile and metal concentration of a non -heat treated sample. 
Figure 11.2.  Elution profile and metal concentration of a heat-treated sample.  
 
Comparison of Butyl Sepharose chromatography of non-heat treated samples and the heat-treated 
sample indicated similar profiles at an absorbance of 254 nm (Fig. 11.1 and Fig. 11.2 respectively).  
Comparing the two profiles indicates that the heat-treated sample displayed increased resolution of 
proteins eluting with the 2 M ammonium sulphate buffer.  Fig. 11.1 is a typical profile for a non -
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heat treated elution profile (based on the six repeats). 
 
Metal analysis on an ICP-MS indicated that Cd was present in the proteins eluted with the 2 M and 
0.4 M ammonium sulphate for both the non -heat treated and heat-treated samples (Fig. 11.1 and 
11.2 respectively). Though the detected concentration of Zn varied in the heat-treated sample (Fig. 
11.2) in the non-heat treated sample Zn concentration peaks corresponded to the absorbance peaks 
as shown in Fig. 11.1 for the 2, 0.4 and 0.0 M ammonium sulphate buffer, as did Cu.  In a study by 
Hidalgo and Flos (1986 a & b) where dogfish metallothionein was isolated from sharks caught in 
pristine waters Cu and Zn were present.  The occurrence of these two metals together with the Cd 
signifies the presence of metallothionein.  Thus fractions with a high absorbance and a high metal 
content (Cd, Cu and Zn) were selected for further analysis and protein separation using SDS-PAGE 
(Hidalgo and Flos, 1986a, Overnell and Coombs 1979).   
 
SDS-PAGE analysis of the non -heat treated (Fig. 11.3) and heat treated (Fig. 11.4) selected 
fractions (of the elution profiles Fig. 11. 1 and Fig 11.2 respectively) which were within the metal 
containing absorbance peaks indicated the presence of a broad band of proteins at a molecular mass 
of 14.2 kDa.  This was calculated using the calibration curve obtained in Chapter 4, Fig. 4.13.  
Lane1 (in Fig 11.3 B) indicates the position of the Low Molecular Weight markers, lanes 2 – 7 in 
Fig 11.3 B and 1 to 6 in Fig 11.3 A corresponds to fractions 7, 9-11, 48 – 50, 69 –  71, 84 + 85 and 
89 + 90 respectively of Fig. 11.1.  Lane 1 in Fig 11.4 B corresponds to the Low Molecular Weight 
markers, lanes 2 – 7 (Fig. 11.4 B) and Lanes 2 –  7 (Fig 11.4 A) corresponds to fractions 6-8, 14-16, 
54-56, 77-79, 104 + 105 and 107 + 108 respectively of Fig. 11.2.   
 
Due to the sensitivity of the silver stain and because it is a metal binding protein, metallothionein is 
especially visible on silver stained gels due to the high affinity that it has for silver.  The size of the 
band (at 14 000 Da) corresponded with the results of Hidalgo and Flos (1986a) for the dogfish 
species Squalus canicula .  Though the metallothionein apop rotein has a weight of 6000-7000 Da, 
the presence of the metal ions have been shown to increase to a molecular weight of approximately 
14 000 Da on SDS-PAGE due to structural changes within the protein (Hidalgo and Flos, 1986a).  
Fig. 11.4 clearly indicates that the heat-treated fraction had increased purification when compared 
to the non-heat treated fraction.  This was indicated after SDS-PAGE analysis, as fewer 
contaminating protein bands were noted (Fig. 11.4 A and Fig. 11.4 B, Lane 6).  To identify the 
isolated proteins it was transferred from the SDS-PAGE gel to a PVDF membrane and sent to the 
University of Stellenbosch for Amino Acid Analysis.  The results obtained are given in Table 11.2 
as is the mass determined by using the standardization curve (Fig. 4.13).  The molecular weight of 
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metallothioneins on a SDS-PAGE gel is approximately 14200 Da and is one of the characteristics 
used to identify this protein (Hamilton and Mehrle, 1986).  This criterion coupled to the ICP-MS 
results was used to select the proteins for amino acid analysis (AAA) analysis and N-terminal 
sequencing.   
Figure 11.3.  SDS -PAGE analysis of the non -heat treated proteins eluted by a Butyl Sepharose 
hydrophobic column. A.  Coomassie blue stained.  B.  Silver stained.  Lane1 (in B) indicates 
the position of the Low Molecular Weight markers*.  Lanes 1 –  6 in A and 2 to 7 in B both 
correspond to fractions 7, 9-11, 48 – 50, 69 – 71, 84+85 and 89+90 respectively from Fig. 11.1.  
Where samples were pooled (e.g. 48 – 50), they were concentrated and loaded as a sample in 
one lane.  *SIGMA markers (From top to bottom): 66 kDa, 45kDa, 36kDa, 29kDa, 24kDa, 
20kDa, 14.2kDa and 6.5 kDa.  
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Figure 11.4.  SDS-PAGE analysis of the heat treated proteins eluted on a Butyl Sepharose 
hydrophobic column. A.  Coomassie Blue stained. B.  Silver stained.  Lane 1 in B corresponds 
to the Low Molecular Weight markers*. Lanes 2 – 7 (A) and Lanes 2 –  7 (B) corresponds to 
fractions 6-8, 14 -16, 54-56, 77-79, 104+105 and 107+108 respectively from Fig. 11.2.  Where 
samples were pooled (e.g. 54 – 56), they were concentrated and loaded as a sample in one lane.  
(I) AAA and N-Terminal sequencing protein number 1, (II) AAA and N-Terminal sequencing 
protein number 2, (III) AAA and N-Terminal sequencing protein number 3, (IV) AAA and N-
Terminal sequencing protein number 4,  *SIGMA markers (From top to bottom as illustrated 
by the arrows in A): 66 kDa, 45kDa, 36kDa, 29kDa, 24kDa, 20kDa, 14.2kDa and 6.5 kDa. 
  
3.3.  Protein identification. 
Proteins bands chosen for Amino Acid Analysis and N-terminal sequencing were based on their 
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correlated with the metal concentrations obtained for the elution profiles (Fig. 11.1 and Fig 11.2) 
using ICP-MS.  Amino Acid Analysis results are given in Table 11.2 and are compared with results 
from other authors.  The N-Terminal sequencing results are in Table 11.3 together with results 
obtained from a sequence search using BLAST (Altschul, Madden, Schäffer, Zhang, Zhang, Miller 
and Lipman, 1997). 
 
Though the molecular weight as determined from the standards were close to 15 000 Da, the amino 
acid composition results did not resemble that of a metallothionein as it contained little or no 
cysteine residues, even after the samples were protected from hydrolysis in the AAA procedure 
(Hidalgo and Flos, 1986b).  A high cysteine content is a unique and distinguishing characteristic of 
metallothionein and therefore the results for all the samples analyzed differed significantly from the 
results of the dogfish Scyliorhinus canicula as determined by Hidalgo and Flos (1986b) (Kägi, 
1991).  Unfortunately the AAA procedure did not include the presence of aromatic acids due to the 
cost involved in analysing protein samples for these residues, as metallothioneins are characterised 
by a low content of aromatic amino acids.  
 
N-Terminal sequencing of samples I, II and III (Fig. 11.4) were undertaken to identify the proteins 
and are given in Fig 11.5, together with results from the BLAST data bank (Altschul et al., 1997).  
Proteins I and II were identified respectively as the Beta (ß) and Alpha (a) chains of haemoglobin 
from spiny dogfish having a 75 – 93 % similarity (Fig. 11.5).  This clearly indicated that the protein 
was haemoglobin and not metallothionein, and generates the question: will haemoglobin bind Cd if 
it is present. N-Terminal sequences for numbers III and IV (Fig. 11.4, Fig. 11.5) were not 
determined as the protein levels were low and therefore the results were inconclusive.  Protein III 
(Table 11.3, Fig. 11.4) was identified using BLAST to be most identical to GSIA-BACSU (Bacillus 
subtilisi), Pyruvate dehydrogenase (Mus musculus) and ABC Type sugar transport systems 
periplasmic component.  The samples from the first elution peak, which had the highest metal 
concentration, were not analysed for amino acid composition due to a poor transfer to the PVDF 
membrane.  N-terminal sequencing was conducted on this band after combining and concentration 
of all the relevant fractions.  The protein was identified as a histone (Fig. 11.5). 
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Table 11.2.  The AAA composition (molar ratios) of the samples analysed and compared to 
published results. 
Sample  Amino acid I II III IV MTA*  MTB*  
Asp  2 (1.550) 2 (1.652) 1 (0.919) 2 (2.104) 6 6 
Glu 4 (4.316) 4 (4.063) 12 (12.339) 4 (4.265) 5 4 
Ser 2 (1.694) 2 (1.558) 4 (3.968) 7 (7.185) 5 6 
Gly 3 (2.960) 3 (2.865) 50 (49.742) 7 (7.056) 5 7 
His 3 (2.468) 2 (2.269) 18 (17.806) 2 (1.760) -- -- 
Arg 1 (1.162) 1 (1.192) 2 (1.790) 1 (0.704) 4 2 
Thr 3 (2.528) 3 (2.787) 5 (5.032) 2 (2.109) 4 4 
Ala 4 (4.038) 4 (4,286) 8 (8.177) 5 (4.821) 6 5 
Pro  2 (1.793) 2 (1.971) 5 (4.742) 2 (2.278) 3 3 
Tyr 1 (0.795) 1 (1.063) -- 1 (0.616) -- -- 
Val 3 (3.000) 3 (3.000) 3 (3.000) 3 (3.000) 3 3 
Met -- -- -- -- -- -- 
Cys     11 14 
Ile 1 (0.829) 1 (1.266) -- 2 (2.392) 2 1 
Leu 3 (2.776) 3 (3.379) 2 (2.274) 3 (2.562) 3 2 
Phe 2 (1.803) 2 (1.676) 3 (2.806) 1 (1.173) 1 -- 
Lys 3 (3.094) 3 (2.990) 6 (5.565) 1 (0.811) 14 8 
Trp -- -- -- 1 (1.062) -- -- 
Mr (Fig. 5.13) 15 501 16 367 16 367 16 294 -- -- 
Mr (AAA) 4 029 4 237 10 929 4421 -- -- 
Total AA 37 39 119 44 72 65 
* Taken from Hidalgo & Flos (1986b) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
I D/V H W A G/A D/E  E K A L  V N A V W N K R D D/H 
Spiny dogfish HBB ß-chain (83%)  H W T G E  E K A L  V N A V W T K T D  
II V L T  A A D K T A I K  Q L  T G      
Spiny dogfish HBB a-chain (93%) V L S A A D K T N I K           
III   V  G/A E  P A/M H/L M N A         
GSIA-BACSU (B. subtilis) 85%      E  P S H M N A         
Pyruvate dehydrogenase (M. musculus)  87%     G E  P M H M Y A         
ABC-Type sugar transport systems 
periplasmic component 87%     G E  P A L  M G A         
First Elution peak protein    G G A K R H R  V L         
Schistosoma mansoni 
M. musculus 
Homo sapiens 
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HBB: Hemoglobin. 
Figure 11.5.  The N-Terminal sequences obtained for the samples (I, II, III, IV, see Fig. 11.4B) 
analysed and the protein sequences obtained from a BLAST search. The grey area indicates 
identical residues for the sample to the BLAST protein.  Identity matches to other proteins 
from the databank of above 80% are shown. 
 
4.  Discussion. 
Many previous studies have mentioned that the presence of metallothionein is a very good 
indication of metal pollution resulting in stress (Hamilton, Mehrle and Jones, 1987), especially if 
 260 
the exposure to heavy metals was recent.  In this study none of the selected proteins that fitted the 
criteria based on their molecular weight on the SDS-PAGE gel (Hamilton and Mehrle, 1986) were 
identified as metallothionein but were identified as haemoglobin, an oxygen carrying protein (Clark, 
1989) and different proteins such as pyruvate dyhydrogenase, ABC-Type sugar transport systems 
and histones (Fig. 11.5).  As to why none of these were identified as metallothionein could be due 
to four possible reasons: 
1) The specimens were not under metal pollution stress, as under normal circumstances 
metallothionein is expressed only in trace amoun ts (Hamilton and Mehrle, 1986).  Due to 
this low concentration of metallothioneins it may not be visible with the Coomassie blue 
stain as it stains proteins only when and if they are present in microgram amounts (Merril, 
1990). Silver staining on the other hand stain proteins that are present in nanogram 
amounts.  As the PVDF membrane was stained using Coomassie Blue that only stain 
microgram amounts metallothioneins would not have been selected on the PVDF 
membrane for amino acid analysis and N-Terminal sequencing.  It should be noted that in 
the study by Hamilton et al. (1987) a Cd concentration of 3.6 ppm in water did induce 
metallothionein production.  Since the concentration of Cd in the water in the ocean water 
along the coast of South Africa is approximately 0.09 ppm, the concentration of Cd may 
have been too low to induce detectable high levels of metallothionein production. 
2) The proteins present in the combined fractions of the first elution peak were not present in 
high concentration (as can be seen by the Coomassie blue stains) and did not transfer very 
well from the polyacrylamide gel to the PVDF membrane.  If metallothioneins were 
present in this fraction it would not have been present on the PVDF membrane due to poor 
transfer concentrations.   
3) Though Cd concentration is usually a very good indicator of where metallothioneins may 
be in the elution profile  (Figs. 11.1 and 11.2) (Hidalgo and Flos, 1986b), the final metal 
content in metallothioneins would be dependent on the relative abundance of metals 
present in the liver tissue (Hamilton et al., 1987).  Since a higher concentration of Zn than 
Cd was present in the liver it may displace the Cd from metallothionein.  It would be 
advisable that in future studies the mercury content in the liver and in the elution fractions 
should be determined as the binding affinity of metallothionein follows the sequence: Hg> 
Cu> Cd> Zn (Hamilton and Mehrle, 1986).  From this it may also be possible to determine 
Cd binding to haemoglobin (Chapter 10), especially due to the physiological implications 
of reduced protein function. 
4) A fourth factor to be considered is that several other non-metallothionein proteins 
containing Cd have been isolated in dogfish (Hidalgo, Tort and Flos, 1985), while in the 
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rat a Cd binding protein with a molecular weight of 40 000 Da has been isolated (Aoki, 
Sunaga and Suzuki, 1988).  Naturally occurring Cd -binding proteins other than 
metallothionein have been identified in invertebrates (Talbot and Magee, 1978).  
Unfortunately the possibility of isolating other metal binding proteins did not fall within 
the scope of this study due to financial constraints.  Judging by the results of this study it is 
important to assess if Cd is bound to non -metallothionein proteins and whether sub-lethal 
toxic effects on the organisms may occur (Hamilton et al., 1987).  
 
With regards to the limitations of the methods the following needs to be taken into consideration: 
(1) the metal concentrations detected may be slightly biased due to the dilution by 10% nitric acid 
of elution fractions to reduce the salt concentration in the sample, and (2) the detection limit of the 
Coomassie Blue and Silver stain on the SDS-PAGE gel may not have been sensitive enough to 
detect the metallothionein if they were present in very low concentrations.  It is thus advised that 
future studies focus the on detection of activated mRNA sequences specific for metallothioneins or 
to determine the ratios of Cu and Zn to Cd in unsaturated fat as it gives a better indication of the 
toxicity of the Cd in the liver. 
In conclusion it would appear that low (undetected) levels, or no metallothioneins are present in S. 
megalops and that these organisms are not subjected to metal pollution in the marine environment.  
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 Chapter 12.  Concluding remarks and recommendations for future research. 
 
1.  Metal concentration in marine waters. 
It would appear that the southeastern coast of South Africa is as yet still unpolluted with respect to 
metal concentration in seawater as all the metal concentrations determi ned in the water were below 
the detection limit of the metal extraction method.  Further research still needs to be conducted as 
for some of the metals the levels could not be compared against set concentration values for pristine 
marine waters as the detection limits of the extraction method and the ICP –MS were above the set 
values.  There is thus still a question as to whether the concentrations are below or above the metal 
levels for pristine water. 
Along the southeastern coast of South Africa two current systems, the warm Benguella and the cold 
Agulhas meet, which may create a unique system with regard to the temperature and oxygen 
content of the water as was evident from the seventh sampling sites.  It is thus important that the 
metal geochemistry of this region be studied to obtain a spatial pattern of the distribution of metals 
along the coast.  Together with metal concentration, detailed information on temperature, oxygen 
content, pH and organic content needs to be collected, as these may influence the availability and 
concentration of metals to higher trophic organism.  Unfortunately the pH and organic content of 
the sampling sites were not determined.  The collection of water samples (for metal analysis) and 
above mentioned variables should not be restricted to surface waters but should include readings at 
depth as the vertical distribution of metals, and these variables in the sea column may change.  It is 
advised that water samples should be collected at regular intervals in the vertical water column.  
This is especially important if the animal species under investigation is a bottom dwelling 
shark/organism.  It is also advisable that sediment samples should be collected at all the sampling 
sites in future studies as there is a continuous exchange of metals between the sediment and the 
water. 
It is thus suggested that all future studies on metal concentrations in the marine system along the 
coast collect the following: 
· 1L water samples at 1m intervals from the surface to the bottom. 
· Sediment samples at each sampling location. 
· Temperature, pH, oxygen content and organic content at all the depths that water are 
collected from. 
2.  Metal concentrations in sharks (S. megalops) along the southeastern coast of South Africa. 
Determining the concentration of metals in sharks along the coast illustrated that the concentration 
of certain metals were higher in samples collected at St. Francis Bay and Algoa Bay than the other 
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sampling sites (except for manganese at Cape Agulhas).  The high concentration of metals in St. 
Francis Bay and Algoa Bay may be due to the higher pollution released into the Port Elizabeth 
harbour, and into Algoa Bay by the Swartkops river and due to the agricultural activities on the 
banks of the Gamtoos river that discharges into St. Francis Bay.  As the gills and the stomach 
content had the highest concentration of metals in all the tissue types for this part of the study (i.e. 
sharks that were dissected after being frozen), it is advised that these two should be collected if 
further study on the pollution status of the southeastern coast of South Africa is conducted to save 
money due to the expenses involved.  If needed muscle tissues should also be included due to its 
economic importance. 
Further study needs to be conducted on: 
· The daily migration patterns, especially of sharks in the Algoa Bay and St. Francis Bay area 
to determine if they migrate between the two bays, as there was so little difference between 
their metal concentrations.   
· The migration patterns of shark species by conducting radiotelemetric studies to determine 
if there are differences in the migration of mature and immature sharks, as migration 
between polluted and pristine environments would also influence the metal concentration in 
sharks. 
· The preferred food species between the different sampling sites by identifying the stomach 
content, especially as the ratio of different food species (e.g. cephalopods and crustaceans) 
may reflect the availability of metals available through the food chain. 
· The metal content of muscle, gills and stomach content of sharks as these are either of 
commercial importance or give a better indication of the availability of metals in the water 
and food to sharks. 
 
3.  The metal concentration of two species of sharks (M. mustelus and S. megalops) caught in 
St. Francis Bay. 
Comparing the metal concentration in different tissue types of M. mustelus and S. megalops 
revealed differences in most of the tissue types.  Not only are these differences due to the fact that 
they are two different species but also the maturity of the two species were different in that all the 
M. mustelus individuals were juveniles (having no fully developed reproductive organs) while for S. 
megalops all the individuals were mature having fully developed reproductive organs.  The females 
of S. megalops were all gravid, having egg mass (yolk) or embryos (pups).  It was thus not 
surprising that S. megalops had the highest metal concentration in most of the tissue types studied, 
as they might have been older than the M. mustelus specimens. 
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Further study on metal concentration should take the following into consideration: 
· Collect stomach content to determine if there are differences in the preferred prey species of 
these two species by identifying the stomach content, and to determine the metal 
concentration that a specific shark species is exposed to through the food web. 
· Other tissue types that should be collected are the liver (due to its detoxification and 
excretion function), gills (as it would give an indication of the absorption  of metals from the 
water and if this is different for different species), vertebrae (due to its storage function) and 
muscle tissue (due to its commercial importance).  The eye lens appeared to be of 
importance in determining the metal concentration in samples that have been frozen before 
dissection and may be a good indicator of the metal content in water. 
· The length and weight of all the samples needs to be recorded, as well as the maturity stage 
of the samples as these may all have an effect on the metal load within an individual.  If the 
females are mature the number of pups and egg mass needs to be recorded as this may 
influence the metal load in the female as she has to supply the egg mass/yolk with the 
essential metals needed to ensure that the embryo develops correctly. 
 
4.  Metal concentrations in males and females of sharks. 
The results indicated more differences between males and females of M. mustelus than the males 
and females of S. megalops.  This was attributed to the fact that all the individuals for M. mustelus 
were juveniles, and as males and females have different growth rates it would influence the metal 
concentration in the different tissue types.  Few differences were detected between males and 
females of S. megalops and this was ascribed to the fact that different maturity classes (mature (not 
gravid females), mature (gravid females) and juveniles) were combined.   
Recommendations for future research should include the following: 
· The maturity of all the samples used in the study as well as differentiating between gravid, 
non-gravid females. 
· If possible the age of the individuals. 
· It is also advised that the age of M. mustelus needs to be determined as no such study has 
been conducted in this species due to the difficulty involved (age needs to be determined by 
counting concentric rings on vertebrae).  A relationship between the age and length of S. 
megalops has been determined but it made use of the spine located at the dorsal fin. 
· Further comparisons between males and females should separate the sexes into the different 
maturity stages before comparing the sexes, as the different growth stages may have 
different regulatory abilities.  
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· Tissue types to be studied should include the gills, vertebrae, liver, stomach content and 
muscle.  
· Laboratory studies to be conducted is keeping males and females under controlled 
conditions and exposing them to similar metal concentrations to see if there is a difference 
in the metal accumulation of the two sexes (for a certain maturity stage). 
 
5.  Metal concentration versus length and weight of sharks. 
Some differences between the regressions (metal concentration vs. length or weight) of males and 
females were recorded for both the study species.  These regression differences between males and 
females may be due to the different growth rates of females and males, or due to differences in 
physiology (hormones etc.); it is thus advised that blood samples should be taken with the collection 
of tissue samples and that hormonal levels should be analysed as it may change as the animals 
mature and could thus have an effect on the metal concentration in the animals.  This was illustrated 
by the fact that more differences between males and females of S. megalops were observed than for 
M. mustelus for which only juveniles were collected.  It might be worthwhile to do regressions for 
mature and immature specimens as well as the combined data to see if there are differences in the 
regressions of different life stages and combined life stages. 
More negative than positive regressions were observed for both the species, this may indicate that 
the animals are either born with high levels or that they rapidly accumulate high levels of metals 
after birth that is then slowly excreted as the sharks grow older or that the same metal concentration 
is just distributed over a bigger area resulting in reduced concentrations. 
Recommendations for further study are the following: 
· Using the length vs. metal concentration of sharks in determining the regression has been 
used more than the weight and as such should be utilised to facilitate easier comparison with 
data from the literature.   
· If possible when comparing different shark species it might be a good idea to use age vs. 
metal concentration if the relationship between length and age of the shark species has been 
determined.   
· Determining length vs. metal concentrations for life stages namely juveniles and mature 
sharks.  Comparing these may determine if there are significantly differences between the 
physiological regulations of metals for the different ages.   
· Collecting blood to determine different hormonal and enzymes levels and determining the 
relationship with length should also give an indication of possible regulation methods. 
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Differences between the life stages of S. megalops have been observed and indicated that embryos 
usually had the highest concentration of the four stages that were compared.  This confirmed the 
earlier theory that sharks are born with high levels of metals.  Where the high metal levels come 
from is still not certain, as the mother do not supply the embryo with nutrients other than what is 
present in the yolk sac before fertilization.  Thus after fertilization no nutrients are supposedly 
passed to the embryo from the mother.  When comparing the metal concentration in different life 
stages of sharks the following should be looked at: 
· Does the inclusion of the spine in the analysed tissue influence the metal concentration, i.e. 
does the spine act as an accumulation point for metals and would elimination of the spine 
from the analysed tissue result in different results. 
· Divide growth stages into yolk, yolk in embryo, embryo tissue (no spine), juvenile and 
mature.  If only females are caught divide the mature females into gravid and non-gravid 
females. 
· Collecting blood from all juvenile and mature specimens for hormonal determination as 
mentioned above. 
 
6.  Suitability of liver, muscle and vertebrae of M. mustelus and S. megalops for use by 
humans. 
As the arsenic concentration in the livers of M. mustelus and S. megalops were above the 
recommended concentration of 0.1 ppm for edible oils, as prescribed by the Department of Health 
(South African Government), it is advised that the livers of sharks caught along the southeastern 
coast of South Africa should not be used for the production of vitamin A and E for human 
consumption.   
In the vertebrae of S. megalops the concentrations of aluminium, arsenic and cadmium were high.  
Due to the positive relationship that has been observed for aluminium concentration vs. length it is 
advised that restrictions should be placed on the sizes of sharks harvested for vertebrae used in 
pharmaceutical products.  Alternatively, additional restrictions should be placed on the time that 
humans are on medication obtained from vertebrae. 
Muscle tissue collected from sharks caught in Algoa Bay and St. Francis Bay should not be used for 
human consumption due to the high levels of most of the metals examined.  Thus further study 
should be conducted on these two sampling sites to determine the reasons as to why the sharks 
caught there have such high levels of metals.  It would also appear that the sharks caught at the 
other sampling sites are suitable for human consumption. 
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Until further research has been conducted on the metal concentration of mature (i.e. bigger sharks) 
M. mustelus, it is advisable that this species should not be harvested for human consumption even 
though there were not very high metal levels in the juveniles analysed. 
Recommendations for further research are the following: 
· Analysing the metal content in the liver, vertebrae and muscle of mature M. mustelus and 
comparing it with recommended levels as prescribed by the Department of Health. 
· Further study on the metal concentration in sharks (not just the study species), their prey and 
water samples in Algoa Bay and St. Francis Bay to establish the reason for the high metal 
concentrations. 
· As mentioned previously radiotelemetric studies should also give an indication of the daily 
and annual migration routes.  Analysing the water and prey species from visited localities 
may give an indication of the metal levels that the sharks are exposed to. 
· The Department of Health is in the process of reviewing the prescribed metal concentration 
in foodstuff.  It is recommended that more metals should be added to the current list, 
especially aluminium, as high levels of it has been detected in the course of this study and 
due to the health effects that have been associated with it, for instance its possible role in 
Alzheimer’s Disease. 
 
7.  Distribution and correlations of heavy metals in and between different tissue types of S. 
megalops. 
Except for aluminium in skin and arsenic in muscle tissue, the metal with the highest concentration 
in the different tissue types was iron followed by zinc.  The concentration of iron and zinc were 
followed by aluminium and arsenic and lastly by manganese, copper and cadmium.  As aluminium 
and arsenic are non -essential metals, it is concluded that these two metals are actively taking the 
places of essential metals, most probably manganese and copper in enzymes and proteins, resulting 
in deleterious effects on the physiology of the animals.  The metal concentration series, as 
determined for S. megalops, was similar to those of other shark species indicating that there are 
similarities in the regulation and accumulation of metals by sharks. 
With the exception of aluminium in the skin and arsenic in muscle the spleen was the tissue type 
with the highest metal concentration.  This may indicate that the blood plays an important role in 
the transport of metals, as the spleen is the site where blood cells are destroyed.  It would appear 
that metal concentrations accumulated from food plays a bigger role than the metal concentration in 
the water in the metal load of sharks, as the metal concentration in the stomach lining occupied a 
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higher concentration position than the gills and the skin for most of the metals studied.  It was 
concluded that the skin is the main absorption site of aluminium in S. megalops. 
Due to the position of eye lenses in the concentration series of cadmium it is concluded that the eye 
lens may be a good indicator tissue type for the cadmium concentration water. 
The correlation of metals in different tissue types illustrated the fact that cadmium seems to replace 
the essential metals manganese, iron and copper in certain tissue types.  It is also possible that 
essential metals compete for the same binding ligands and that the ligands have higher affinities for 
certain metals.  More information on the physiology and the metal binding ligands and proteins are 
needed.  It is suggested that further studies should include biochemical analysis and that the proteins 
involved in the accumulation, detoxification and storage of metals should be identified and studied. 
Further study also needs to be conducted on the effect that aluminium has on the accumulation of 
other non -essential metals such as cadmium as a positive correlation was observed between them.  
As aluminium is an important element in sediment it may influence the accumulation of other 
metals and as such its influence should be studied, not only in sharks but in other organisms as well. 
The correlation of a specific metal between different tissue types revealed that metals are 
transported from one site to another.  These transported metals may then be transformed into 
complexes that may be excreted or stored as complexes that are not as toxic as the original complex.  
Even though the kidneys of sharks are small and difficult to isolate it is advised that further studies 
should also include the kidneys, as it is the main excretory site and would give a better idea of the 
amount of metals that are excreted. 
The positive correlations between the yolk and other tissue types for essential metals would indicate 
that as metal concentration in the mother increase so does the metal load attributed to the yolk.  As 
all the positive correlations were for essential metals it would appear that there is some sort of 
mechanism preventing the flux of non-essential metals to the yolk.  Exactly what these preventative 
measures are still needs to be discovered and thus further study is needed. 
It would appear that there are differences in the accumulation of a specific metal depending on the 
source be it food or water.  It is thus advised that further study should be conducted (using 
radiolabeled metals) to determine if the source of the metal determines the site to which it is 
transported.  The metal species (metal (II) or metal (III)) present in the different tissue types or 
sources (food or water) should be determined and if it has an effect on the accumulation of the 
metals. 
In summary further studies should focus on the following: 
· Laboratory experiments to determine the effect that aluminium has on the accumulation of 
other metals. 
· Determining the effect that blood has on the transport and on the accumulation of metals. 
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· Determining ligands or transport proteins involved in the transport and accumulation of 
metals in the different tissue types.  This may be accomplished by establishing a cell culture 
and exposing the culture to different combinations of metals.  Cell cultures are a more 
humanitarian way to do experiments on animals than actually killing the animals. 
· In laboratory experiments exposing test organisms or cell cultures to different species of 
metals to establish which metal species are more readily absorbed. 
· In controlled experiments, exposing organisms to different concentration of radiolabeled 
metals to establish if the source of the metal has an effect on the ultimate accumulation site. 
· Determining synergistic and antagonistic effects of metals not only on the accumulation of 
metals but also on the physiology of the organism by recording lesions and possible fluxes 
or changes in the hormones and other proteins of the animals exposed to the metals. 
 
8.  Metal binding proteins in the liver of S. megalops. 
The study of the metallothionein content of the liver of S. megalops revealed that the 
metallothionein levels are either very low (undetected) or that no metallothionein is present and that 
these organisms are not subjected to severe metal pollution.  As the cadmium in some of the eluted 
peaks was high, further studies should be conducted on the non-metallothionein proteins containing 
cadmium and possibly mercury due to the sub -lethal effects that they may induce.  It might also be 
worthwhile determining the free cadmium (non metallothionein bound) concentration in liver and 
determining the ratio of copper plus zinc to cadmium in unsaturated fat as it gives a better 
indication of the toxicity of the cadmium in the liver.  Further studies should also focus on 
determining if mRNA transcribing for metallothioneins have been activated. 
 
9.  In conclusion. 
There are several unanswered questions in the accumulation, storage and detoxification of metals in 
sharks, as well as the effects those different metals have on each other.  With regard to the metal 
concentrations in sharks it would appear that there are accumulation of some metals such as 
aluminium, arsenic and cadmium but that these are dependent on other metals as well as the source 
from which they are accumulated. Along the southeastern coast of South Africa it appears that the 
ocean is pristine but that there are areas of concern.  It appears that with the exception of Algoa Bay 
and St. Francis Bay that the muscle tissue of sharks are still suitable for human consumption but 
further study should be conducted on the suitability of livers and vertebrae.  
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Appendix 4.1.  Dry and wet weight used to determine heavy metal content in 
different tissue types for the shark samples collected at the seven sampling sites, 
together with the metal concentration (ppm) as determined using the wet and 
dry weight.  
 
 
BASELINE STUDY  
Sample Tissue W/D Weight Al Cr Mn Fe Co Cu Zn As Cd Pb 
D 1.1690 1.9127 0.0806 0.3143 0.2469 0.0844 0.0280 3.7887 0.9932 0.1621 0.2033 Cartilage 
W 4.8907 0.4572 0.0193 0.0751 0.0590 0.0202 0.0067 0.9056 0.2374 0.0387 0.0486 
D 0.8580 1.3310 0.1042 0.3084 2.1142 0.1154 0.0002 5.0769 5.8508 0.2217 0.1248 
Jaw W 3.7834 0.3018 0.0236 0.0699 0.4795 0.0262 0.0001 1.1513 1.3268 0.0503 0.0283 
D 0.6905 0.4224 0.1173 0.3154 36.0608 0.1321 15.7133 5.5684 41.5351 0.1335 0.2949 
Liver  
W 3.1795 0.0917 0.0255 0.0685 7.8314 0.0287 3.4125 1.2093 9.0203 0.0290 0.0640 
D 1.8109 30.8134 0.0091 0.4329 36.3907 0.0464 1.0299 6.0743 21.2657 0.1370 0.1149 
Muscle W 9.7140 5.7443 0.0017 0.0807 6.7840 0.0086 0.1920 1.1324 3.9644 0.0255 0.0214 
D 5.0797 0.6132 0.1341 0.0802 1.0631 0.0184 0.0834 1.8229 11.3983 0.0370 0.0124 
Spleen W 24.3721 0.1278 0.0279 0.0167 0.2216 0.0038 0.0174 0.3799 2.3757 0.0077 0.0026 
D 0.0440 3.9818 2.1273 0.5477 18.2955 2.2932 1.2023 7.8841 16.0909 4.3568 1.3614 
1 
Stomach W 0.2189 0.8004 0.4276 0.1101 3.6775 0.4609 0.2417 1.5847 3.2344 0.8757 0.2736 
D 2.2900 1.5603 0.0123 0.1635 0.8782 0.0002 0.0421 2.9389 3.9170 0.0040 0.0317 
Cartilage W 8.2148 0.4349 0.0034 0.0456 0.2448 0.0001 0.0117 0.8193 1.0919 0.0011 0.0088 
D 1.3279 0.4594 0.0188 0.0887 7.1692 0.0066 0.1355 3.5680 4.7594 0.0040 0.1233 
Gills  W 6.9672 0.0876 0.0036 0.0169 1.3664 0.0012 0.0258 0.6800 0.9071 0.0008 0.0235 
D 2.4463 2.7920 0.0234 0.1915 1.0996 0.0016 0.0537 5.2896 2.4200 0.0036 0.0522 
Jaw W 8.9811 0.7605 0.0064 0.0522 0.2995 0.0004 0.0146 1.4408 0.6592 0.0010 0.0142 
D 0.3145 0.3765 0.1107 0.1145 1.2725 0.0041 0.0060 27.4086 0.6769 0.0486 0.0353 
Lens W 0.8622 0.1373 0.0404 0.0418 0.4642 0.0015 0.0022 9.9977 0.2469 0.0177 0.0129 
D 2.2392 0.7431 0.0200 0.3425 56.1361 0.0173 1.0263 4.7115 14.1033 0.6449 0.0681 Liver  
W 9.7540 0.1706 0.0046 0.0786 12.8870 0.0040 0.2356 1.0816 3.2376 0.1480 0.0156 
D 5.4503 32.4936 0.0586 0.5633 33.0074 0.0206 0.9143 4.1943 2.3045 0.1583 0.0814 
Muscle W 25.0684 7.0647 0.0127 0.1225 7.1764 0.0045 0.1988 0.9119 0.5010 0.0344 0.0177 
D 5.0153 40.3964 0.0004 0.0436 1.2582 0.0005 0.0424 1.0767 2.4126 0.0011 0.0098 
Spleen 
W 18.6220 10.8796 0.0001 0.0117 0.3388 0.0001 0.0114 0.2900 0.6498 0.0003 0.0026 
D 0.2910 0.5790 0.1175 0.1533 17.4227 0.0003 0.1959 25.6357 3.8763 0.0361 0.1313 
2 
Stomach 
W 1.2067 0.1396 0.0283 0.0370 4.2015 0.0001 0.0472 6.1821 0.9348 0.0087 0.0317 
D 2.3174 1.7990 0.0067 0.2218 0.8350 0.0009 0.0581 2.6797 5.3810 0.0044 0.0145 Cartilage 
W 8.7075 0.4788 0.0018 0.0590 0.2222 0.0003 0.0155 0.7132 1.4321 0.0012 0.0038 
D 1.6335 1.2684 0.0021 0.1112 11.9253 0.0081 0.1626 3.5200 4.4995 0.0059 0.0654 
Gills  W 9.1970 0.2253 0.0004 0.0197 2.1181 0.0014 0.0289 0.6252 0.7992 0.0011 0.0116 
D 2.0703 2.4151 0.0039 0.2259 2.2441 0.0011 0.0616 3.8449 2.0350 0.0027 0.0582 
Jaw 
W 7.9402 0.6297 0.0010 0.0589 0.5851 0.0003 0.0161 1.0025 0.5306 0.0007 0.0152 
D 0.1727 0.3416 0.2264 0.0064 6.0452 0.0116 0.0266 1.3457 0.6190 0.1031 0.5622 
Lens 
W 0.4253 0.1387 0.0919 0.0026 2.4547 0.0047 0.0108 0.5464 0.2514 0.0419 0.2283 
D 1.7485 0.5439 0.0181 0.3758 55.8193 0.0194 1.0049 4.9643 15.8422 0.5651 0.1573 
Liver  W 7.1510 0.1330 0.0044 0.0919 13.6484 0.0048 0.2457 1.2138 3.8736 0.1382 0.0385 
D 5.2167 17.6548 0.0628 0.3868 14.0510 0.0129 0.4775 3.7878 3.2799 0.0717 0.0682 
Muscle W 25.7520 3.5764 0.0127 0.0784 2.8464 0.0026 0.0967 0.7673 0.6644 0.0145 0.0138 
D 5.1902 0.6688 0.0043 0.0431 1.1021 0.0003 0.0686 1.2273 4.8669 0.0012 0.0703 Spleen W 19.1326 0.1814 0.0012 0.0117 0.2990 0.0001 0.0186 0.3329 1.3203 0.0003 0.0191 
D 0.2174 1.1987 0.1610 0.0966 20.0046 0.0069 0.2019 16.9687 3.7948 0.0515 0.5101 
3 
Stomach W 0.8714 0.2991 0.0402 0.0241 4.9908 0.0017 0.0504 4.2334 0.9468 0.0129 0.1273 
D 1.9583 1.9159 0.0452 0.1809 0.9667 0.0503 0.0193 3.1967 4.0392 0.0958 0.0457 
Cartilage W 7.0700 0.5307 0.0125 0.0501 0.2678 0.0139 0.0053 0.8854 1.1188 0.0265 0.0126 
D 1.6960 1.3508 0.0389 0.0945 11.5330 0.0525 0.1320 3.9328 4.5755 0.1006 0.1251 
Gills  W 9.8766 0.2320 0.0067 0.0162 1.9804 0.0090 0.0227 0.6753 0.7857 0.0173 0.0215 
D 1.6187 2.6577 0.0450 0.1962 1.5858 0.0608 0.0287 4.4480 2.3167 0.1149 0.0226 Jaw W 6.0145 0.7153 0.0121 0.0528 0.4268 0.0164 0.0077 1.1971 0.6235 0.0309 0.0061 
D 0.2025 1.3047 0.5200 0.1427 0.6360 0.4859 0.1985 1.7427 1.9165 0.9467 1.4830 
Lens W 0.4756 0.5555 0.2214 0.0608 0.2708 0.2069 0.0845 0.7420 0.8160 0.4030 0.6314 
D 2.2406 0.7498 0.0162 0.3263 56.9044 0.0332 0.8484 5.6324 19.4680 0.5008 0.0964 
Liver  
W 10.4027 0.1615 0.0035 0.0703 12.2564 0.0072 0.1827 1.2131 4.1931 0.1079 0.0208 
D 5.3818 37.5711 0.0587 0.4378 32.0153 0.0072 0.1801 4.3777 3.5713 0.0651 0.0622 
Muscle 
W 31.8950 6.3396 0.0099 0.0739 5.4021 0.0012 0.0304 0.7387 0.6026 0.0110 0.0105 
D 5.1231 0.4279 0.0114 0.0530 2.7893 0.0183 0.0707 1.2512 5.5318 0.0349 0.0093 
Spleen 
W 19.5349 0.1122 0.0030 0.0139 0.7315 0.0048 0.0186 0.3281 1.4507 0.0091 0.0025 
D 0.2652 0.3473 0.3518 0.0087 47.4359 0.3665 0.0430 5.7919 6.4744 0.6998 0.1433 
4 
Stomach 
W 1.2116 0.0760 0.0770 0.0019 10.3830 0.0802 0.0094 1.2677 1.4171 0.1532 0.0314 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al Cr Mn Fe  Co Cu Zn As Cd Pb 
D 3.2602 1.3815 0.0172 0.0903 0.9395 0.0286 0.0343 1.7790 5.2850 0.0187 0.0482 Cartilage 
W 11.7999 0.3817 0.0048 0.0249 0.2596 0.0079 0.0095 0.4915 1.4602 0.0052 0.0133 
D 1.7784 3.7618 0.0175 0.0441 13.0229 0.0454 0.1700 4.0092 4.4591 0.0128 0.0142 
Gills  W 10.3698 0.6451 0.0030 0.0076 2.2334 0.0078 0.0292 0.6876 0.7647 0.0022 0.0024 
D 2.7425 1.9799 0.0229 0.0831 1.0250 0.0338 0.0324 3.3254 3.1139 0.0234 0.0447 
Jaw W 9.3027 0.5837 0.0068 0.0245 0.3022 0.0100 0.0096 0.9804 0.9180 0.0069 0.0132 
D 0.1914 0.5836 0.3673 0.7921 1.9133 0.4906 0.3229 0.0805 1.9373 0.3819 2.0737 
Lens W 0.3296 0.3389 0.2133 0.4600 1.1110 0.2849 0.1875 0.0467 1.1250 0.2218 1.2042 
D 0.5000 0.9340 0.8902 0.2964 29.5600 0.1614 0.3120 6.7040 1.6640 1.1040 0.2478 
Liver  W 2.0269 0.2304 0.2196 0.0731 7.2920 0.0398 0.0770 1.6538 0.4105 0.2723 0.0611 
D 5.7334 67.9876 0.1066 0.5751 68.9469 0.0035 0.8450 9.9243 3.3784 0.2452 0.3930 Muscle W 33.2667 11.7174 0.0184 0.0991 11.8828 0.0006 0.1456 1.7104 0.5823 0.0423 0.0677 
D 5.9733 0.2657 0.0086 0.0058 0.7729 0.0153 0.0499 0.8806 5.1211 0.0095 0.0037 
Spleen W 14.4824 0.1096 0.0035 0.0024 0.3188 0.0063 0.0206 0.3632 2.1122 0.0039 0.0015 
D 0.3992 0.5757 0.1526 0.2470 35.9469 0.2282 0.1305 5.0601 4.8798 0.1250 0.0180 
5 
Stomach W 1.9870 0.1157 0.0306 0.0496 7.2219 0.0458 0.0262 1.0166 0.9804 0.0251 0.0036 
D 4.3984 0.0261 0.0193 0.0353 0.0122 0.0214 0.0181 0.0246 0.1169 0.0168 0.0184 
Cartilage W 17.0593 0.0067 0.0050 0.0091 0.0031 0.0055 0.0047 0.0064 0.0301 0.0043 0.0 048 
D 2.5072 0.0695 0.0343 0.0625 0.0219 0.0374 0.0306 0.0412 0.2026 0.0294 0.1782 
Gills  
W 15.3323 0.0114 0.0056 0.0102 0.0036 0.0061 0.0050 0.0067 0.0331 0.0048 0.0291 
D 4.1275 0.0278 0.0191 0.0349 0.0008 0.0219 0.0170 0.0614 0.1208 0.0171 0.0043 Jaw 
W 14.0192 0.0082 0.0056 0.0103 0.0002 0.0065 0.0050 0.0181 0.0356 0.0050 0.0013 
D 0.6053 0.1738 0.1029 0.2386 1.2870 0.1505 0.3278 1.3597 0.4502 0.1193 0.1816 
Lens W 1.3441 0.0783 0.0464 0.1074 0.5796 0.0678 0.1476 0.6123 0.2027 0.0537 0.0818 
D 0.5000 3.1480 0.1698 0.3122 0.1152 0.1922 0.1536 0.1464 0.9304 0.1480 0.4698 
Liver  
W 2.0889 0.7535 0.0406 0.0747 0.0276 0.0460 0.0368 0.0350 0.2227 0.0354 0.1125 
D 5.1523 0.0275 0.0171 0.0303 0.0106 0.0183 0.0141 0.0234 0.1091 0.0143 0.0384 
Muscle 
W 42.5972 0.0033 0.0021 0.0037 0.0013 0.0022 0.0017 0.0028 0.0132 0.0017 0.0047 
D 5.6672 0.3049 0.0096 0.0185 1.1293 0.0156 0.0541 1.1505 5.2283 0.0106 0.0208 Spleen 
W 17.3775 0.0994 0.0031 0.0060 0.3683 0.0051 0.0176 0.3752 1.7051 0.0034 0.0068 
D 0.4499 0.0305 0.1374 0.2429 26.2058 0.1963 0.0787 5.8769 6.8904 0.1107 0.5295 
6 
Stomach 
W 2.1551 0.0064 0.0287 0.0507 5.4707 0.0410 0.0164 1.2269 1.4384 0.0231 0.1105 
D 3.2502 1.4215 0.0007 0.1526 0.8519 0.0001 0.0418 2.9814 4.6274 0.0022 0.0201 
Cartilage W 11.5563 0.3998 0.0002 0.0429 0.2396 0.0000 0.0118 0.8385 1.3015 0.0006 0.0056 
D 2.0261 1.9051 0.0050 0.1190 11.0508 0.0076 0.1659 4.2347 4.8270 0.0140 0.0294 
Gills  W 11.9604 0.3227 0.0008 0.0202 1.8720 0.0013 0.0281 0.7174 0.8177 0.0024 0.0050 
D 3.3298 0.9574 0.0096 0.1170 0.7175 0.0002 0.0210 2.6188 2.6578 0.0042 0.0214 
Jaw W 12.3465 0.2582 0.0026 0.0316 0.1935 0.0000 0.0057 0.7063 0.7168 0.0011 0.0058 
D 0.2334 1.1302 0.0133 0.0210 4.4559 0.0129 0.0004 1.0634 0.5073 0.0660 0.2545 
Lens W 0.2663 0.9906 0.0116 0.0184 3.9054 0.0113 0.0004 0.9320 0.4446 0.0578 0.2231 
D 1.6871 0.7391 0.0613 0.4042 105.0916 0.0160 0.8932 5.7969 16.2350 0.8796 0.2903 Liver  W 6.5158 0.1914 0.0159 0.1047 27.2108 0.0041 0.2313 1.5010 4.2036 0.2278 0.0752 
D 4.7822 2.8711 0.0075 0.0921 38.0578 0.0059 0.1411 2.7498 3.7974 0.0189 0.0419 
Muscle W 31.3003 0.4387 0.0011 0.0141 5.8146 0.0009 0.0216 0.4201 0.5802 0.0029 0.0064 
D 8.6394 0.1955 0.0017 0.0283 0.6968 0.0001 0.0392 0.8913 4.7700 0.0001 0.0 014 
Spleen W 22.4675 0.0752 0.0007 0.0109 0.2679 0.0000 0.0151 0.3427 1.8342 0.0000 0.0005 
D 0.6258 0.1333 0.0182 0.1457 86.9287 0.0043 0.2093 5.5673 4.6996 0.0085 0.0783 
D 4.4000 27.5227 0.0367 1.0634 21.8864 0.0088 1.6000 4.9432 2.7932 0.0985 0.1293 
7 
Stomach 
W 31.3003 3.8690 0.0052 0.1495 3.0766 0.0012 0.2249 0.6949 0.3926 0.0139 0.0182 
D 4.3620 1.4328 0.0042 0.1045 0.9890 0.0003 0.0428 2.1550 3.6749 0.0018 0.0439 
Cartilage W 16.1121 0.3879 0.0011 0.0283 0.2677 0.0001 0.0116 0.5834 0.9949 0.0005 0.0119 
D 2.8055 1.5020 0.0070 0.0490 16.1219 0.0243 0.1286 3.2721 4.3771 0.0054 0.0065 
Gills  W 16.5568 0.2545 0.0012 0.0083 2.7318 0.0041 0.0218 0.5545 0.7417 0.0009 0.0011 
D 2.9732 1.4486 0.0172 0.0999 1.2381 0.0304 0.0254 3.0001 2.0618 0.0213 0.0034 
Jaw W 9.9530 0.4327 0.0051 0.0298 0.3698 0.0091 0.0076 0.8962 0.6159 0.0064 0.0010 
D 0.5521 0.1933 0.1214 0.2588 1.0759 0.1636 0.1029 0.8136 0.8575 0.1329 0.1884 Lens W 1.1132 0.0958 0.0602 0.1284 0.5336 0.0811 0.0510 0.4035 0.4253 0.0659 0.0934 
D 1.3856 1.2132 0.0204 0.2066 118.5046 0.0165 1.3294 6.7191 19.3418 1.8194 0.3408 
Liver  W 5.9965 0.2803 0.0047 0.0477 27.3826 0.0038 0.3072 1.5526 4.4693 0.4204 0.0787 
D 5.4065 70.1378 0.0798 0.6823 55.1558 0.0097 0.7408 5.4749 1.9643 0.1073 0.1274 
Muscle W 28.9368 13.1044 0.0149 0.1275 10.3052 0.0018 0.1384 1.0229 0.3670 0.0200 0.0238 
D 5.1365 0.2576 0.0029 0.0260 1.2479 0.0005 0.0429 1.1934 6.3487 0.0013 0.0330 
Spleen W 23.9030 0.0553 0.0006 0.0056 0.2682 0.0001 0.0092 0.2565 1.3643 0.0003 0.0071 
D 0.4422 1.1398 0.1167 0.2221 24.6495 0.2049 0.1095 6.6305 6.6395 0.1321 0.2420 
8 
Stomach 
W 2.0783 0.2425 0.0248 0.0473 5.2447 0.0436 0.0233 1.4108 1.4127 0.0281 0.0515 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al Cr  Mn Fe Co Cu Zn As Cd Pb 
D 6.5591 0.6948 0.0084 0.0849 0.3298 0.0142 0.0101 1.0154 5.9261 0.0102 0.0168 Cartilage 
W 19.5919 0.2326 0.0028 0.0284 0.1104 0.0047 0.0034 0.3399 1.9840 0.0034 0.0056 
D 3.9810 1.3564 0.0022 0.0734 18.2115 0.0184 0.1306 3.2605 5.4408 0.0002 0.0552 
Gills  W 22.5200 0.2398 0.0004 0.0130 3.2194 0.0033 0.0231 0.5764 0.9618 0.0000 0.0098 
D 6.2071 1.4548 0.0051 0.1210 0.7980 0.0145 0.0087 1.9268 2.8451 0.0108 0.0274 
Jaw W 22.2119 0.4065 0.0014 0.0338 0.2230 0.0041 0.0024 0.5385 0.7951 0.0030 0.0077 
D 0.7315 0.1400 0.0949 0.2026 0.5664 0.1306 0.0735 0.3751 2.1135 0.0975 0.0792 
Lens W 1.5921 0.0643 0.0436 0.0931 0.2602 0.0600 0.0338 0.1724 0.9710 0.0448 0.0364 
D 0.5202 1.0150 0.8574 0.1924 78.9312 0.1519 0.6052 4.8943 16.5513 1.4764 0.2805 
Liver  W 1.2327 0.4283 0.3618 0.0812 33.3102 0.0641 0.2554 2.0655 6.9849 0.6230 0.1184 
D 5.1581 21.2481 0.0101 0.3247 14.5790 0.0127 0.5599 3.2648 2.3071 0.1103 0.0090 Muscle W 28.3457 3.8665 0.0018 0.0591 2.6530 0.0023 0.1019 0.5941 0.4198 0.0201 0.0016 
D 5.6278 0.2985 0.0023 0.0185 2.6991 0.0340 0.0341 0.7913 6.5834 0.0104 0.0199 
Spleen W 10.1852 0.1649 0.0012 0.0102 1.4914 0.0188 0.0188 0.4372 3.6376 0.0057 0.0110 
D 0.6076 0.7299 0.0864 0.1588 24.8025 0.1526 0.1295 5.8492 5.5793 0.0904 0.2559 
9 
Stomach W 2.5400 0.1746 0.0207 0.0380 5.9331 0.0365 0.0310 1.3992 1.3346 0.0216 0.0612 
D 7.0318 0.5397 0.0090 0.1162 0.4137 0.0128 0.0042 1.0595 3.6193 0.0086 0.0127 
Cartilage W 25.8531 0.1468 0.0024 0.0316 0.1125 0.0035 0.0012 0.2882 0.9844 0.0023 0.0034 
D 4.6545 2.9885 0.0046 0.0924 17.9396 0.0053 0.1455 2.7028 3.5428 0.0167 0.0509 
Gills  
W 27.3075 0.5094 0.0008 0.0158 3.0578 0.0009 0.0248 0.4607 0.6039 0.0029 0.0087 
D 6.4969 1.2267 0.0037 0.1682 0.7599 0.0000 0.0242 2.4981 1.7578 0.0030 0.0123 Jaw 
W 21.3892 0.3726 0.0011 0.0511 0.2308 0.0000 0.0074 0.7588 0.5339 0.0009 0.0037 
D 0.7581 0.3937 0.0383 0.0025 0.1584 0.0003 0.0139 1.0421 0.0921 0.0197 0.1572 
Lens W 1.6823 0.1774 0.0172 0.0011 0.0714 0.0001 0.0062 0.4696 0.0415 0.0 089 0.0709 
D 6.1129 0.3282 0.0712 0.0148 2.8399 0.0005 0.0588 0.2328 0.4381 0.0410 0.0087 
Liver  
W 18.5191 0.1083 0.0235 0.0049 0.9374 0.0002 0.0194 0.0768 0.1446 0.0135 0.0029 
D 3.8945 26.0624 0.1749 0.3749 22.5189 0.0041 0.4930 5.5206 2.8836 0.4537 0.1071 
Muscle 
W 18.4458 5.5026 0.0369 0.0792 4.7545 0.0009 0.1041 1.1656 0.6088 0.0958 0.0226 
7.3084 0.1799 0.0023 0.0217 0.7580 0.0002 0.0327 0.8306 7.2656 0.0009 0.0094 D 
5.6669 28.5871 0.0291 0.7306 15.3523 0.0076 1.2105 5.0363 0.7138 0.0596 0.1458 
25.3913 0.0518 0.0007 0.0063 0.2182 0.0001 0.0094 0.2391 2.0913 0.0003 0.0027 
10 
Stomach 
W 
25.8396 6.2694 0.0064 0.1602 3.3669 0.0017 0.2655 1.1045 0.1565 0.0131 0.0320 
D 3.1114 1.3219 0.0534 0.2295 0.6881 0.0012 0.0519 2.4780 3.0983 0.0170 0.0730 
Cartilage W 10.6070 0.3878 0.0157 0.0673 0.2018 0.0003 0.0152 0.7269 0.9088 0.0050 0.0214 
D 4.5205 0.6329 0.0273 0.0212 13.6268 0.0260 0.0667 1.6503 1.8427 0.0239 0.0981 
Gills  W 22.6692 0.1262 0.0054 0.0042 2.7173 0.0052 0.0133 0.3291 0.3675 0.0048 0.0196 
D 6.4636 1.0087 0.0224 0.1289 0.7703 0.0203 0.0257 2.2774 1.1866 0.0218 0.0342 
Jaw W 21.0797 0.3093 0.0069 0.0395 0.2362 0.0062 0.0079 0.6983 0.3639 0.0067 0.0105 
D 0.7110 0.1852 0.2374 0.2260 0.4603 0.1769 0.1727 0.1139 0.2740 0.2288 0.2684 
Lens W 1.2129 0.1086 0.1392 0.1325 0.2698 0.1037 0.1012 0.0668 0.1606 0.1341 0.1573 
D 3.4353 7.9556 0.0025 0.1720 17.7568 0.0317 0.3199 2.7567 5.4202 0.4564 0.2137 Liver  W 7.2436 3.7730 0.0012 0.0816 8.4212 0.0150 0.1517 1.3074 2.5705 0.2165 0.1013 
D 2.1835 1.0872 0.0751 0.1829 2.9448 0.0538 0.3554 2.8624 1.4779 0.0889 0.1757 
Muscle W 9.7808 0.2427 0.0168 0.0408 0.6574 0.0120 0.0793 0.6390 0.3299 0.0198 0.0392 
D 3.8136 0.7964 0.0542 0.0396 0.7772 0.0011 0.0508 0.8307 4.1483 0.0151 0.0140 
Spleen W 15.9570 0.1903 0.0130 0.0095 0.1857 0.0003 0.0121 0.1985 0.9914 0.0036 0.0033 
D 0.9312 0.0858 0.1739 0.1264 14.7874 0.1300 0.0011 3.7103 2.5762 0.1532 0.0711 
11 
Stomach W 4.6052 0.0173 0.0352 0.0256 2.9901 0.0263 0.0002 0.7502 0.5209 0.0310 0.0144 
D 7.0301 5.7311 0.0085 0.1218 0.3909 0.0125 0.0302 1.6244 2.2859 0.0214 0.0233 Cartilage 
W 24.9706 1.6135 0.0024 0.0343 0.1100 0.0035 0.0085 0.4573 0.6436 0.0060 0.0065 
D 4.7856 30.6754 0.0015 0.1085 15.3377 0.0136 0.1346 2.8147 2.2798 0.0010 0.0580 Gills  
W 26.1861 5.6060 0.0003 0.0198 2.8030 0.0025 0.0246 0.5144 0.4166 0.0002 0.0106 
D 6.3619 0.0147 0.0119 0.0068 0.0024 0.0139 0.0069 0.0541 0.0484 0.0280 0.0021 
Gonads W 33.3087 0.0028 0.0023 0.0013 0.0005 0.0027 0.0013 0.0103 0.0092 0.0053 0.0004 
D 1.0039 1.1346 0.0385 0.0366 1.1415 0.0865 0.0127 19.2948 0.9573 0.1735 0.1115 
Lens 
W 1.8279 0.6231 0.0212 0.0201 0.6269 0.0475 0.0069 10.5969 0.5257 0.0953 0.0612 
D 0.5000 0.0778 0.9796 0.1004 17.8000 0.1564 0.2294 0.6704 4.6820 0.4434 0.0826 
Liver  
W 0.7067 0.0550 0.6931 0.0710 12.5941 0.1107 0.1623 0.4743 3.3127 0.3137 0.0584 
D 5.4023 0.9224 0.0101 0.0093 0.9551 0.0124 0.0208 0.1398 0.2582 0.0254 0.0789 Muscle 
W 24.3114 0.2050 0.0022 0.0021 0.2122 0.0027 0.0046 0.0311 0.0574 0.0056 0.0175 
D 5.3017 1.5240 0.0104 0.0133 1.7730 0.0140 0.0292 0.1786 0.2814 0.0239 0.0747 
Spleen W 15.7485 0.5131 0.0035 0.0045 0.5969 0.0047 0.0098 0.0601 0.0947 0.0081 0.0251 
D 0.9343 0.4403 0.0412 0.0435 24.6495 0.0880 0.1948 5.2810 5.1097 0.0991 0.1664 
12 
Stomach 
W 4.5050 0.0913 0.0085 0.0090 5.1121 0.0182 0.0404 1.0952 1.0597 0.0206 0.0345 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As Cd Pb 
D 0.9561 1.2917 0.0860 0.2118 1.1306 0.1040 0.0168 3.4787 7.8234 0.1999 0.1783 Cartilage
W 3.7678 0.3278 0.0218 0.0537 0.2869 0.0264 0.0043 0.8827 1.9852 0.0507 0.0453 
D 0.6151 0.9251 0.1385 0.0665 9.7220 0.1515 0.0618 3.8855 8.5677 0.3032 0.1860 
Gills  W 3.7792 0.1506 0.0225 0.0108 1.5823 0.0247 0.0101 0.6324 1.3945 0.0493 0.0303 
D 0.7969 2.5662 0.0232 0.2531 9.2358 0.1245 0.0413 4.7497 3.7357 0.2265 0.1683 
Jaw W 3.2811 0.6233 0.0056 0.0615 2.2432 0.0302 0.0100 1.1536 0.9073 0.0550 0.0409 
D 0.0706 2.2068 1.3569 0.4278 3.1218 1.3640 0.9278 4.7705 3.4391 2.7394 0.8640 
Lens W 0.1778 0.8763 0.5388 0.1699 1.2396 0.5416 0.3684 1.8943 1.3656 1.0877 0.3431 
D 0.8457 0.8395 0.1033 0.2879 30.1407 0.1075 4.8965 4.6813 27.2674 0.0609 0.2413 
Liver W 3.8076 0.1865 0.0230 0.0640 6.6945 0.0239 1.0876 1.0398 6.0563 0.0135 0.0536 
D 2.6774 39.4039 0.0495 0.4975 39.3292 0.0275 0.5371 4.7247 9.0013 0.0732 0.0022 Muscle W 18.3928 5.7359 0.0072 0.0724 5.7251 0.0040 0.0782 0.6878 1.3103 0.0107 0.0003 
D 5.1092 1.8007 0.0030 0.0658 1.6852 0.0188 0.1045 2.1138 9.8058 0.0367 0.0304 
Spleen W 22.3313 0.4120 0.0007 0.0151 0.3856 0.0043 0.0239 0.4836 2.2435 0.0084 0.0069 
D 0.0679 3.3328 1.4359 0.3682 1.4080 1.4404 0.5434 8.9249 2.6377 2.7158 1.1738 
13 
Stomach W 0.3058 0.7400 0.3188 0.0818 0.3126 0.3198 0.1207 1.9817 0.5857 0.6030 0.2606 
D 1.4025 0.8135 0.0468 0.2132 0.6553 0.0662 0.0109 2.2831 4.9269 0.0513 0.1102 
Cartilage W 5.7451 0.1986 0.0114 0.0520 0.1600 0.0162 0.0027 0.5573 1.2028 0.0125 0.0269 
D 0.9002 0.7909 0.0599 0.0131 11.6196 0.0910 0.1235 4.5745 5.9431 0.0680 0.0711 
Gills  
W 5.6845 0.1253 0.0095 0.0021 1.8401 0.0144 0.0196 0.7244 0.9412 0.0108 0.0113 
D 0.8773 3.8242 0.0515 0.2504 6.6796 0.1012 0.0032 4.9675 2.5180 0.0789 0.0586 Jaw 
W 3.4318 0.9776 0.0132 0.0640 1.7076 0.0259 0.0008 1.2699 0.6437 0.0202 0.0150 
D 0.1617 1.0396 0.4082 0.9289 2.6772 0.5788 0.3098 4.3476 1.1793 0.4527 1.5758 
Lens W 0.4866 0.3455 0.1356 0.3087 0.8896 0.1924 0.1030 1.4447 0.3919 0.1504 0.5236 
D 0.5494 0.5360 0.0328 0.4507 39.2792 0.0184 3.6895 6.8912 16.3815 0.2954 0.4285 
Liver 
W 2.5556 0.1152 0.0070 0.0969 8.4442 0.0040 0.7932 1.4815 3.5217 0.0635 0.0921 
D 3.8584 55.9299 0.1314 0.5995 83.7135 0.0046 1.3270 5.1472 3.9446 0.2084 0.2452 
Muscle 
W 21.2290 10.1653 0.0239 0.1090 15.2150 0.0008 0.2412 0.9355 0.7169 0.0379 0.0446 
D 4.5916 0.3940 0.0006 0.0842 3.1449 0.0005 0.0754 1.5136 4.0966 0.0015 0.0508 Spleen 
W 20.7879 0.0870 0.0001 0.0186 0.6946 0.0001 0.0167 0.3343 0.9049 0.0003 0.0112 
D 0.0696 1.2155 0.9727 1.8520 34.6264 1.3132 0.5963 6.5848 5.6379 1.0374 0.3779 
14 
Stomach 
W 0.3717 0.2276 0.1821 0.3468 6.4837 0.2459 0.1116 1.2330 1.0557 0.1942 0.0708 
D 2.2973 1.2101 0.0390 0.1820 0.7814 0.0420 0.0287 2.5769 8.8016 0.0815 0.0046 
Cartilage W 8.9315 0.3113 0.0100 0.0468 0.2010 0.0108 0.0074 0.6628 2.2639 0.0210 0.0012 
D 1.1304 2.4257 0.0227 0.0890 9.6868 0.0766 0.1048 3.6837 7.2806 0.1531 0.0385 
Gills  W 6.7911 0.4038 0.0038 0.0148 1.6124 0.0128 0.0174 0.6132 1.2119 0.0255 0.0064 
D 1.5094 3.3921 0.0390 0.2172 15.0325 0.0611 0.1289 4.3792 12.4288 0.1189 0.1045 
Jaw W 5.7478 0.8908 0.0102 0.0570 3.9476 0.0160 0.0338 1.1500 3.2639 0.0312 0.0274 
D 0.2400 1.1733 0.3846 0.1050 1.2288 0.4133 0.2463 2.4333 2.3833 0.8021 0.0450 
Lens W 0.5129 0.5490 0.1800 0.0491 0.5750 0.1934 0.1152 1.1386 1.1152 0.3753 0.0211 
D 1.6376 1.2146 0.0203 0.3725 73.6444 0.0402 1.0900 6.3202 42.1959 0.8427 0.0997 Liver W 7.4004 0.2688 0.0045 0.0824 16.2964 0.0089 0.2412 1.3986 9.3373 0.1865 0.0221 
D 4.7593 21.1166 0.0161 0.4410 13.9937 0.0070 0.9405 4.9839 8.6210 0.0507 0.0437 
Muscle W 22.9603 4.3771 0.0033 0.0914 2.9007 0.0015 0.1949 1.0331 1.7870 0.0105 0.0091 
D 5.2438 0.6680 0.0121 0.0509 1.4741 0.0183 0.0551 1.2605 10.0881 0.0345 0.0001 
Spleen W 21.7216 0.1613 0.0029 0.0123 0.3559 0.0044 0.0133 0.3043 2.4354 0.0083 0.0000 
D 0.2313 0.6485 0.4051 0.0540 26.5888 0.4185 0.0558 5.3653 9.2261 0.7994 0.2875 
15 
Stomach W 1.0733 0.1398 0.0873 0.0116 5.7300 0.0902 0.0120 1.1562 1.9883 0.1723 0.0620 
D 2.0087 1.0878 0.0027 0.2345 2.4867 0.0015 0.0483 2.8476 4.5950 0.0044 0.0095 Cartilage
W 7.3513 0.2972 0.0007 0.0641 0.6795 0.0004 0.0132 0.7781 1.2556 0.0012 0.0026 
D 1.3615 0.8615 0.0238 0.3479 32.6037 0.0035 0.1626 3.9295 4.3114 0.0105 0.1988 Gills  
W 7.8352 0.1497 0.0041 0.0604 5.6655 0.0006 0.0283 0.6828 0.7492 0.0018 0.0345 
D 1.9430 1.9238 0.0061 0.2074 1.6511 0.0018 0.0499 3.7777 2.1209 0.0055 0.0358 
Jaw W 7.5459 0.4954 0.0016 0.0534 0.4251 0.0005 0.0128 0.9727 0.5461 0.0014 0.0092 
D 0.2157 0.5313 0.1762 0.0325 2.9717 0.0130 0.0172 4.2513 0.5971 0.0774 0.1020 
Lens 
W 0.5015 0.2285 0.0758 0.0140 1.2782 0.0056 0.0074 1.8285 0.2568 0.0333 0.0439 
D 0.8362 0.1858 0.4800 0.1101 12.7123 0.0045 0.2296 0.9448 1.8859 0.1082 0.0199 
Liver 
W 4.0182 0.0387 0.0999 0.0229 2.6455 0.0009 0.0478 0.1966 0.3925 0.0225 0.0041 
D 5.6639 33.9519 0.0559 0.3628 34.6758 0.0125 0.4409 8.6283 2.1505 0.2184 0.1896 Muscle 
W 36.0345 5.3366 0.0088 0.0570 5.4503 0.0020 0.0693 1.3562 0.3380 0.0343 0.0298 
D 6.3166 0.4566 0.0069 0.0845 5.3177 0.0002 0.0363 1.0370 4.0053 0.0007 0.0448 
Spleen W 19.4946 0.1479 0.0022 0.0274 1.7230 0.0001 0.0118 0.3360 1.2978 0.0002 0.0145 
D 0.2161 0.2031 0.1416 0.0615 25.1273 0.0019 0.1795 9.3660 4.9977 0.0393 0.7483 
16 
Stomach 
W 0.9542 0.0460 0.0321 0.0139 5.6906 0.0004 0.0407 2.1211 1.1318 0.0089 0.1695 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As Cd Pb 
D 1.4551 1.3442 0.0481 0.2684 0.8838 0.0679 0.0248 2.8067 5.3123 0.1310 0.1300 Cartilage
W 5.8115 0.3366 0.0120 0.0672 0.2213 0.0170 0.0062 0.7 027 1.3301 0.0328 0.0326 
D 0.7817 0.7189 0.1018 0.1447 19.2913 0.1172 0.0950 4.3482 5.8705 0.2324 0.2969 
Gills  W 4.7647 0.1180 0.0167 0.0237 3.1649 0.0192 0.0156 0.7134 0.9631 0.0381 0.0487 
D 1.0231 1.9245 0.0813 0.3354 2.8023 0.0951 0.0248 4.6897 3.0437 0.1811 0.0037 
Jaw W 4.1945 0.4694 0.0198 0.0818 0.6835 0.0232 0.0061 1.1439 0.7424 0.0442 0.0009 
D 0.1103 2.3944 0.8368 0.2520 41.2511 0.5304 0.5494 4.3092 2.6428 1.7307 1.3853 
Lens W 0.2784 0.9486 0.3315 0.0999 16.3434 0.2101 0.2177 1.7073 1.0471 0.6857 0.5489 
D 1.1808 4.0625 0.0501 0.4472 33.1301 0.0674 11.8818 5.4539 12.1020 0.2539 0.0039 
Liver W 5.1269 0.9357 0.0115 0.1030 7.6303 0.0155 2.7365 1.2561 2.7873 0.0585 0.0009 
D 2.7054 81.8363 0.1452 0.7947 95.0322 0.0095 1.4308 6.7569 4.5871 0.4328 0.2613 Muscle W 20.1222 11.0028 0.0195 0.1068 12.7769 0.0013 0.1924 0.9084 0.6167 0.0582 0.0351 
D 5.4543 0.6043 0.0080 0.0755 1.1312 0.0178 0.0822 1.7509 5.1097 0.0335 0.0205 
Spleen W 24.1033 0.1367 0.0018 0.0171 0.2560 0.0040 0.0186 0.3962 1.1563 0.0076 0.0046 
D 0.0694 1.8271 1.4265 0.2651 25.5764 1.3746 0.5418 5.7680 8.5591 2.7190 1.9841 
17 
Stomach W 0.3358 0.3776 0.2948 0.0548 5.2859 0.2841 0.1120 1.1921 1.7689 0.5619 0.4101 
D 2.2410 2.5123 0.0002 0.1662 1.6519 0.0011 0.0467 4.1142 5.5154 0.0023 0.0232 
Cartilage W 7.5801 0.7427 0.0001 0.0491 0.4884 0.0003 0.0138 1.2163 1.6306 0.0007 0.0069 
D 3.4009 8.8183 0.0251 0.2032 20.1123 0.0061 0.1452 3.3491 4.7546 0.0122 0.0002 
Gills  
W 19.0340 1.5756 0.0045 0.0363 3.5936 0.0011 0.0 259 0.5984 0.8495 0.0022 0.0000 
D 2.2410 4.6363 0.0162 0.1280 2.5658 0.0002 0.0583 4.2972 2.3293 0.0035 0.0637 Jaw 
W 7.6896 1.3512 0.0047 0.0373 0.7478 0.0001 0.0170 1.2523 0.6788 0.0010 0.0186 
D 0.2278 0.8345 0.0224 0.0263 2.6822 0.0048 0.0101 2.7261 0.4205 0.0790 0.1111 
Lens W 0.4119 0.4615 0.0124 0.0146 1.4834 0.0027 0.0056 1.5076 0.2326 0.0437 0.0614 
D 2.5814 0.1214 0.1733 0.0322 5.9929 0.0026 0.0930 0.2832 1.0870 0.0836 0.0113 
Liver 
W 10.7627 0.0291 0.0416 0.0077 1.4374 0.0006 0.0223 0.0 679 0.2607 0.0201 0.0027 
D 3.4009 39.7836 0.0617 0.5143 38.2252 0.0084 0.9245 10.0826 3.4785 0.4317 0.2208 
Muscle 
W 26.4855 5.1085 0.0079 0.0660 4.9084 0.0011 0.1187 1.2947 0.4467 0.0554 0.0284 
D 6.2952 0.1960 0.0011 0.0199 0.7466 0.0001 0.0465 0.9309 3.6170 0.0011 0.0359 Spleen 
W 16.7925 0.0735 0.0004 0.0074 0.2799 0.0000 0.0174 0.3490 1.3560 0.0004 0.0135 
D 0.5415 0.1837 0.0532 0.0537 21.3296 0.0031 0.1889 5.3906 4.8809 0.0068 0.0220 
18 
Stomach 
W 2.3929 0.0416 0.0120 0.0122 4.8268 0.0007 0.0428 1.2199 1.1045 0.0015 0.0050 
D 2.3195 1.7918 0.0036 0.1695 0.5988 0.0014 0.0525 3.0869 3.4188 0.0047 0.0043 
Cartilage W 7.7596 0.5356 0.0011 0.0507 0.1790 0.0004 0.0157 0.9227 1.0220 0.0014 0.0013 
D 2.5918 1.8369 0.0017 0.0781 6.7405 0.0049 0.1295 2.9593 3.3722 0.0113 0.0232 
Gills  W 14.0176 0.3396 0.0003 0.0144 1.2463 0.0009 0.0239 0.5472 0.6235 0.0021 0.0043 
D 0.3527 0.3402 0.2552 0.0731 0.7669 0.2847 0.1542 3.4590 1.4545 0.5438 0.2435 
Lens W 0.5942 0.2020 0.1515 0.0434 0.4552 0.1690 0.0916 2.0532 0.8633 0.3228 0.1446 
D 3.6032 2.7309 0.0404 0.4149 79.6514 0.0179 1.9538 5.7810 18.0673 1.0618 0.1993 
Liver W 14.6996 0.6694 0.0099 0.1017 19.5243 0.0044 0.4789 1.4170 4.4287 0.2603 0.0488 
Spleen D 0.6340 0.3612 0.0397 0.3013 58.5804 0.1502 0.0823 4.5457 6.1940 0.2748 0.2468 
 W 2.5845 0.0886 0.0098 0.0739 14.3703 0.0368 0.0202 1.1151 1.5194 0.0674 0.0606 
D 5.1558 7.8029 0.0084 0.2052 6.2182 0.0048 0.4372 6.9107 3.6270 0.1076 0.0170 
19 
Stomach W 29.1197 1.3815 0.0015 0.0363 1.1010 0.0009 0.0774 1.2236 0.6422 0.0191 0.0030 
D 2.5982 1.5899 0.0313 0.3691 0.8379 0.0362 0.0249 2.4709 6.1774 0.0608 0.1264 
Cartilage W 8.9717 0.4604 0.0091 0.1069 0.2427 0.0105 0.0072 0.7156 1.7890 0.0176 0.0366 
D 1.7016 0.9556 0.0407 0.2448 9.4969 0.0441 0.1044 4.0550 9.4911 0.0577 0.0957 
Gills  W 8.8503 0.1837 0.0078 0.0471 1.8259 0.0085 0.0201 0.7796 1.8248 0.0111 0.0184 
D 2.1972 0.7132 0.0319 0.0817 4.9518 0.0350 0.2790 3.5545 9.9399 0.0071 0.0658 Gonads 
W 9.5425 0.1642 0.0074 0.0188 1.1402 0.0081 0.0642 0.8184 2.2887 0.0016 0.0152 
D 2.9028 1.6219 0.0263 0.3696 2.1772 0.0285 0.0460 3.6861 3.9307 0.0534 0.0724 Jaw 
W 11.8055 0.3988 0.0065 0.0909 0.5353 0.0070 0.0113 0.9064 0.9665 0.0131 0.0178 
D 0.4288 0.4454 0.2302 0.0497 1.0798 0.2383 0.1266 0.6514 1.9146 0.4391 0.7183 
Lens W 0.9666 0.1976 0.1021 0.0220 0.4790 0.1057 0.0562 0.2890 0.8494 0.1948 0.3186 
D 3.1760 36.1146 0.0373 0.7050 36.5554 0.0569 0.5907 7.4937 5.2897 0.5246 0.1046 
Muscle 
W 15.2801 7.5065 0.0078 0.1465 7.5981 0.0118 0.1228 1.5576 1.0995 0.1090 0.0217 
D 5.8375 0.5701 0.0070 0.0695 1.3088 0.0150 0.1059 2.3469 9.1820 0.0141 0.0328 
Spleen 
W 21.4917 0.1549 0.0019 0.0189 0.3555 0.0041 0.0288 0.6375 2.4940 0.0038 0.0089 
D 0.3539 0.7977 0.2566 0.0119 16.5018 0.2566 0.0147 4.6652 10.9579 0.3857 0.2896 
20 
Stomach 
W 1.3256 0.2130 0.0685 0.0032 4.4056 0.0685 0.0039 1.2455 2.9255 0.1030 0.0773 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr  Mn Fe Co Cu Zn As  Cd Pb 
D 2.4963 15.7113 0.3105 4.7590 18.2670 0.2972 0.5809 35.1721 34.6913 0.3842 0.9738 Cartilage
W 8.4937 4.6175 0.0912 1.3987 5.3687 0.0874 0.1707 10.3371 10.1958 0.1129 0.2862 
D 5.7559 0.5389 0.1039 0.1800 3.7144 0.1242 0.5044 6.8504 2.1074 0.0990 0.0931 Egg 
mass  W 9.2660 0.3348 0.0645 0.1118 2.3 074 0.0772 0.3133 4.2553 1.3091 0.0615 0.0578 
D 1.3623 9.1977 0.6364 4.3015 171.9885 0.5887 1.5415 58.7976 52.7050 0.7186 3.6923 
Gills  W 6.6877 1.8736 0.1296 0.8762 35.0345 0.1199 0.3140 11.9772 10.7361 0.1464 0.7521 
D 0.4163 7.8045 1.4893 0.2241 19.8895 1.7415 1.3116 14.3166 12.4189 1.4941 0.6788 
Lens  W 0.8383 3.8757 0.7396 0.1113 9.8771 0.8648 0.6513 7.1096 6.1672 0.7420 0.3371 
D 2.2407 3.4007 0.2995 0.7712 101.4861 0.3481 1.6633 12.8799 19.9179 5.1457 0.6761 
Liver  W 3.4477 2.2101 0.1946 0.5012 65.9564 0.2262 1.0810 8.3707 12.9447 3.3442 0.4394 
D 0.4400 14.4091 1.1320 1.5068 271.8182 1.6432 2.1977 67.7727 58.3636 2.0477 14.2955Muscle W 1.8834 3.3663 0.2645 0.3520 63.5022 0.3839 0.5134 15.8331 13.6349 0.4784 3.3397 
D 1.8077 0.9598 0.3784 0.4625 10.8148 0.3939 0.8785 9.9851 67.2678 0.2373 0.0734 
21 
Spleen W 7.4249 0.2337 0.0921 0.1126 2.6330 0.0959 0.2139 2.4310 16.3773 0.0578 0.0179 
D 2.1287 11.8147 0.3735 4.3313 17.7103 0.3119 0.5891 30.3472 50.4064 0.2527 7.5727 
Cartilage W 8.5495 2.9417 0.0930 1.0784 4.4096 0.0777 0.1467 7.5560 12.5504 0.0629 1.8855 
D 3.0645 1.4335 0.2353 0.8455 17.0990 0.2330 1.9318 23.2664 14.2470 0.1517 0.3475 Egg 
mass  W 5.7604 0.7626 0.1252 0.4498 9.0966 0.1239 1.0277 12.3776 7.5793 0.0807 0.1849 
D 1.2008 14.4320 0.5247 3.3961 79.8634 0.6362 2.0120 54.2971 31.1043 0.6146 2.0511 
Gills  
W 6.3454 2.7311 0.0993 0.6427 15.1133 0.1204 0.3807 10.2752 5.8862 0.1163 0.3882 
D 3.3483 17.9793 0.2900 4.6651 14.3267 0.2303 0.8342 52.8626 20.6373 0.1514 0.2 586 Jaw 
W 12.7347 4.7272 0.0762 1.2266 3.7669 0.0605 0.2193 13.8990 5.4261 0.0398 0.0680 
D 0.7207 18.1074 0.7215 0.0186 7.5482 0.9671 0.6839 6.2592 11.6137 0.4331 1.0809 
Lens  W 1.6699 7.8148 0.3114 0.0080 3.2577 0.4174 0.2952 2.7014 5.0123 0.1869 0.4665 
D 1.8780 2.4276 0.2812 0.3248 26.3206 0.3876 1.1619 4.8829 10.1384 1.2423 0.9084 
Liver  
W 2.7725 1.6444 0.1904 0.2200 17.8287 0.2626 0.7870 3.3075 6.8674 0.8415 0.6153 
D 1.1888 486.2046 0.9976 12.9542 534.9933 0.7344 68.0518 148.8055 26.1188 5.3583 40.5871
Muscle 
W 6.3577 90.9134 0.1865 2.4223 100.0362 0.1373 12.7247 27.8245 4.8838 1.0019 7.5892 
D 1.0782 4.0373 0.6409 0.3326 13.5225 0.6492 1.0620 16.6110 67.1490 0.4572 2.8232 Spleen 
W 4.5947 0.9474 0.1504 0.0780 3.1732 0.1523 0.2492 3.8980 15.7573 0.1073 0.6625 
D 0.3482 12.4871 1.8553 1.4136 286.9041 2.3234 2.8288 57.9552 50.4882 1.7002 0.9578 
22 
Stomach 
W 1.6090 2.7023 0.4015 0.3059 62.0883 0.5028 0.6122 12.5420 10.9260 0.3679 0.2073 
D 1.8567 23.0517 0.5817 8.3912 50.7352 0.3883 0.9237 47.3421 38.9939 0.3237 0.9328 
Cartilage W 6.3111 6.7817 0.1711 2.4687 14.9261 0.1142 0.2717 13.9278 11.4719 0.0952 0.2744 
D 2.9721 0.9929 0.2204 0.6531 6.3692 0.2402 1.8236 28.9021 12.2371 0.1521 1.2099 Egg 
mass  W 4.9816 0.5924 0.1315 0.3896 3.8000 0.1433 1.0880 17.2435 7.3009 0.0908 0.7219 
D 1.4938 20.0562 1.7204 4.7396 84.4156 0.5161 1.3931 76.5163 40.7685 0.5509 1.8389 
Gills  W 7.6865 3.8977 0.3344 0.9211 16.4054 0.1003 0.2707 14.8702 7.9230 0.1071 0.3574 
D 0.4329 12.7050 1.3398 0.0217 11.7117 1.5616 1.1735 7.9164 13.2825 0.7782 50.7739
Lens  W 0.9504 5.7870 0.6103 0.0099 5.3346 0.7113 0.5345 3.6059 6.0501 0.3545 23.1271
D 2.7708 4.4897 0.2609 0.8709 65.2880 0.3245 2.8800 17.9154 22.3401 7.6548 0.6832 Liver  W 4.3061 2.8889 0.1679 0.5 604 42.0102 0.2088 1.8532 11.5278 14.3750 4.9256 0.4396 
D 0.2115 13.8345 2.5768 0.7551 290.7801 3.3475 5.6265 63.0733 59.2908 2.4397 10.9929
Muscle W 0.9547 3.0648 0.5709 0.1673 64.4181 0.7416 1.2465 13.9730 13.1350 0.5405 2.4353 
D 1.7760 3.0574 0.4386 0.3547 14.8086 0.3992 1.0845 16.0473 54.7297 0.2168 2.4561 
23 
Spleen W 7.3795 0.7358 0.1056 0.0854 3.5639 0.0961 0.2610 3.8621 13.1716 0.0522 0.5911 
D 2.4429 27.7948 0.2534 6.5373 11.7279 0.3021 0.5383 35.2450 40.5665 0.1920 2.0226 
Cartilage W 8.6611 7.8397 0.0715 1.8439 3.3079 0.0852 0.1518 9.9410 11.4420 0.0542 0.5705 
D 3.1485 1.6135 0.2242 0.8223 22.1375 0.2366 2.3249 34.0162 29.0932 0.1795 4.9262 Egg 
mass  W 7.4036 0.6862 0.0954 0.3497 9.4143 0.1006 0.9887 14.4659 12.3724 0.0763 2.0949 
D 2.7301 8.3404 0.2568 3.2819 87.5060 0.3044 1.2102 41.5369 55.1262 0.3278 0.2531 Gills  
W 13.3992 1.6994 0.0523 0.6687 17.8294 0.0620 0.2466 8.4632 11.2320 0.0668 0.0516 
D 4.2448 21.2966 0.2045 4.6952 12.8864 0.1701 0.6860 37.6461 22.0270 0.1017 1.1016 
Jaw W 15.9084 5.6825 0.0546 1.2528 3.4384 0.0454 0.1830 10.0450 5.8774 0.0271 0.2939 
D 0.7820 4.9731 0.7852 0.0145 10.5243 0.8645 0.5572 2.6893 21.1381 0.3977 1.2110 
Lens  
W 1.6164 2.4060 0.3799 0.0070 5.0916 0.4182 0.2695 1.3010 10.2264 0.1924 0.5859 
D 1.8469 4.6294 0.3346 1.4099 132.4923 0.4635 5.1059 26.0166 37.1433 5.4578 50.0298
Liver  
W 3.2618 2.6213 0.1895 0.7983 75.0199 0.2624 2.8910 14.7311 21.0313 3.0903 28.3279
D 0.9402 58.6046 0.7094 29.8128 268.8790 0.6137 5.6477 219.3150 35.1202 2.4846 11.3912Muscle 
W 5.0177 10.9811 0.1329 5.5862 50.3816 0.1150 1.0583 41.0945 6.5807 0.4656 2.1344 
D 1.4205 3.0912 0.4787 0.4062 15.5649 0.4294 1.1404 10.0950 58.7821 0.2631 1.0222 
Spleen W 5.4986 0.7986 0.1237 0.1049 4.0210 0.1109 0.2946 2.6 079 15.1857 0.0680 0.2641 
D 0.2147 13.8612 2.8598 0.9199 275.7336 3.2045 2.9530 52.2124 61.3414 2.1155 6.9259 
24 
Stomach 
W 0.9431 3.1556 0.6510 0.2094 62.7717 0.7295 0.6723 11.8863 13.9646 0.4816 1.5767 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr Mn Fe  Co Cu Zn As Cd Pb 
D 2.8407 22.4241 0.2612 6.5336 10.5467 0.2612 0.6428 38.7581 80.6843 0.1652 0.1458 Cartilage W 9.4545 6.7375 0.0785 1.9631 3.1689 0.0785 0.1931 11.6452 24.2424 0.0496 0.0438 
D 2.9434 1.8448 1.2214 1.4052 32.8871 1.2003 3.0645 23.6121 21.4718 1.0515 3.9308 Egg 
mass W 5.0426 1.0768 0.7129 0.8202 19.1964 0.7006 1.7888 13.7826 12.5332 0.6138 2.2945 
D 3.9135 9.4085 0.9743 4.6250 88.9996 0.8849 2.3048 46.5568 71.9816 0.8724 2.0135 Gills  W 18.8567 1.9526 0.2022 0.9599 18.4709 0.1836 0.4783 9.6623 14.9390 0.1810 0.4179 
D 4.4399 17.1400 0.2140 5.1578 13.4913 0.1644 0.8955 41.3748 39.9559 0.1066 0.5973 Jaw 
W 16.1268 4.7189 0.0589 1.4200 3.7143 0.0453 0.2465 11.3910 11.0003 0.0293 0.1644 
D 0.9612 7.4490 4.2811 3.7412 10.9238 4.5526 4.7201 16.9996 26.6958 3.1877 2.0152 Lens 
W 2.2227 3.2213 1.8514 1.6179 4.7240 1.9688 2.0412 7.3514 11.5445 1.3785 0.8715 
D 2.3759 3.8133 0.3115 1.4693 116.7558 0.3333 1.8111 12.2775 31.4407 4.4320 2.0779 Liver 
W 3.4734 2.6084 0.2130 1.0051 79.8641 0.2280 1.2388 8.3981 21.5063 3.0316 1.4214 
D 0.9386 58.9175 3.4221 13.4562 133.7098 3.4658 6.4990 131.1528 27.0829 3.2154 3.8685 Muscle W 4.1028 13.4786 0.7829 3.0784 30.5889 0.7929 1.4868 30.0039 6.1958 0.7356 0.8850 
D 1.5873 4.8132 2.3814 2.2592 10.3761 2.3871 3.0146 16.2918 153.4052 1.7539 2.0021 Pup W 6.5196 1.1719 0.5798 0.5500 2.5262 0.5812 0.7339 3.9665 37.3489 0.4270 0.4875 
D 2.5033 3.0879 1.7437 1.7661 16.2466 1.6666 3.4315 23.0895 23.0895 1.2643 1.5120 Spleen 
W 4.9521 1.5610 0.8814 0.8928 8.2127 0.8425 1.7346 11.6718 11.6718 0.6391 0.7643 
D 0.2063 18.6621 2.8745 1.0839 312.1667 3.3592 3.5482 66.1658 77.0238 1.9573 22.9132 
25 
Stomach W 0.9981 3.8573 0.5941 0.2240 64.5226 0.6943 0.7334 13.6760 15.9202 0.4046 4.7360 
D 3.4737 3.3336 0.0327 0.6719 1.4480 0.0222 0.0715 4.3786 3.3077 0.0256 0.1652 Cartilage
W 10.7617 1.0760 0.0105 0.2169 0.4674 0.0072 0.0231 1.4133 1.0677 0.0083 0.0533 
D 5.5690 0.4870 0.0140 0.0747 16.1968 0.0199 0.1946 3.0688 0.3572 0.0237 0.1577 Egg 
mass W 9.8141 0.2763 0.0079 0.0424 9.1909 0.0113 0.1105 1.7414 0.2027 0.0134 0.0895 
D 1.5459 0.8888 0.0526 0.3648 12.0836 0.0487 0.1443 5.1944 4.3729 0.0532 0.0558 Gills  W 7.2292 0.1901 0.0112 0.0780 2.5840 0.0104 0.0309 1.1108 0.9351 0.0114 0.0119 
D 0.5238 1.3440 0.5880 0.5002 5.6739 0.6098 0.5840 1.4204 1.0596 0.4192 1.5769 Lens W 1.0865 0.6480 0.2835 0.2411 2.7354 0.2940 0.2815 0.6848 0.5108 0.2021 0.7602 
D 1.9004 0.4515 0.0402 0.0619 8.1193 0.0390 0.3315 1.5270 1.8049 0.7525 0.2968 Liver 
W 2.4800 0.3460 0.0308 0.0475 6.2218 0.0299 0.2540 1.1702 1.3831 0.5766 0.2274 
D 0.4875 1.3436 0.7854 0.8492 43.3846 0.7723 0.9840 8.1969 5.9405 0.6923 0.0849 Muscle 
W 2.0822 0.3146 0.1839 0.1988 10.1575 0.1808 0.2304 1.9191 1.3908 0.1621 0.0199 
D 1.0399 0.5472 0.1076 0.1108 3.1263 0.0987 0.2512 2.2319 14.0590 0.1043 0.2990 
26 
Spleen W 7.7112 0.0738 0.0145 0.0149 0.4216 0.0133 0.0339 0.3010 1.8959 0.0141 0.0403 
D 0.9553 59.9812 0.7034 5.3700 17.5024 0.7558 1.1431 27.9807 50.5286 0.5517 0.1896 Cartilage W 3.2505 17.6281 0.2067 1.5782 5.1438 0.2221 0.3359 8.2234 14.8500 0.1621 0.0557 
D 1.4182 3.5080 1.3045 1.1994 18.0722 0.2840 0.0759 23.1068 28.1272 1.5111 3.6878 Egg 
mass W 2.5544 1.9476 0.7242 0.6659 10.0337 0.1577 0.0421 12.8288 15.6162 0.8389 2.0474 
D 2.2590 6.0425 0.7481 3.6344 115.0509 0.2722 0.1397 46.9234 61.0447 0.9903 1.0438 Gills  
W 10.5046 1.2994 0.1609 0.7816 24.7415 0.0585 0.0300 10.0908 13.1276 0.2130 0.2245 
D 0.6697 7.2883 2.8281 2.4518 62.2219 0.7184 0.1106 46.7523 46.2147 2.3369 5.5144 Gonads 
W 2.8486 1.7135 0.6649 0.5764 14.6282 0.1689 0.0260 10.9914 10.8650 0.5494 1.2964 
D 2.1955 26.4177 0.6641 5.5067 19.4716 0.1932 0.3248 43.3614 14.6618 1.2293 0.3949 Jaw W 7.1730 8.0859 0.2033 1.6855 5.9598 0.0591 0.0994 13.2720 4.4877 0.3763 0.1209 
D 0.5973 14.1972 3.3718 1.3980 10.2126 0.6054 3.2630 6.5026 6.7822 4.7162 2.9047 Lens W 1.2599 6.7307 1.5985 0.6628 4.8417 0.2870 1.5469 3.0828 3.2153 2.2359 1.3771 
D 2.0512 4.3633 0.2725 0.6289 47.2894 0.3847 1.8180 10.1989 29.0562 2.1236 1.3022 Liver 
W 2.9547 3.0291 0.1892 0.4366 32.8291 0.2670 1.2621 7.0802 20.1713 1.4743 0.9040 
D 0.9678 198.4914 1.1314 11.3867 107.5635 0.9289 79.7685 136.1852 34.5423 21.8744 3.1556 Muscle W 5.1083 37.6055 0.2144 2.1573 20.3786 0.1760 15.1127 25.8011 6.5443 4.1442 0.5979 
D 1.0384 7.9064 1.2519 0.3744 25.9534 0.6972 1.3858 12.6348 67.7966 0.4621 8.1183 
27 
Stomach 
W 3.9562 2.0752 0.3286 0.0983 6.8121 0.1830 0.3637 3.3163 17.7949 0.1213 2.1308 
D 0.5224 21.2864 3.5547 4.4162 28.1011 0.7722 3.0877 53.2542 89.6248 5.2278 8.4724 
W 1.8096 6.1450 1.0262 1.2749 8.1123 0.2229 0.8914 15.3736 25.8731 1.5092 2.4458 
D 3.6939 2.2821 0.4329 0.9754 19.8165 0.1070 0.8928 18.9772 5.7852 0.7133 0.4989 
Cartilage
W 5.8475 1.4416 0.2735 0.6162 12.5182 0.0676 0.5640 11.9880 3.6546 0.4506 0.3152 
D 2.2166 5.9731 0.4160 6.2212 227.3753 0.3920 1.5073 51.2045 129.2520 0.4412 0.8373 Gills  W 8.2554 1.6038 0.1117 1.6704 61.0509 0.1053 0.4047 13.7486 34.7046 0.1185 0.2248 
D 1.6113 19.0778 1.0929 4.4560 20.6790 0.2945 0.7212 42.6984 24.4647 1.6664 2.2715 Jaw 
W 5.1346 5.9868 0.3430 1.3984 6.4893 0.0924 0.2263 13.3993 7.6773 0.5229 0.7128 
D 0.7517 4.4180 2.5941 1.1055 11.3077 0.5649 2.5183 3.4628 16.4560 3.6783 0.7929 Lens 
W 1.5222 2.1817 1.2810 0.5459 5.5840 0.2789 1.2436 1.7100 8.1264 1.8164 0.3915 
D 1.5613 6.6291 1.1734 2.1437 113.1749 0.3101 1.9766 19.0290 25.7350 3.8109 1.4110 Liver W 2.4230 4.2716 0.7561 1.3813 72.9261 0.1998 1.2736 12.2617 16.5827 2.4556 0.9092 
D 0.5775 87.2727 3.3056 10.3723 211.0823 0.7562 1.1013 96.2771 42.4762 1.8563 6.0450 Muscle W 2.7871 18.0833 0.6849 2.1492 43.7372 0.1567 0.2282 19.9491 8.8013 0.3846 1.2526 
D 0.6461 7.2574 2.7519 1.7242 26.1105 0.5716 2.3417 16.8705 98.5915 4.0056 7.2094 Pup 
W 2.6228 1.7878 0.6779 0.4247 6.4321 0.1408 0.5769 4.1559 24.2870 0.9867 1.7760 
D 0.9530 4.3463 2.0388 1.5834 20.7975 0.3787 0.5950 21.6894 19.5698 2.7240 6.4323 
28 
Stomach 
W 2.7237 1.5207 0.7134 0.5540 7.2769 0.1325 0.2082 7.5889 6.8473 0.9531 2.2 506 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al Cr Mn Fe Co Cu Zn As Cd Pb 
D  1.2945 18.2928 0.7717 6.2263 21.3132 0.6844 0.6559 36.5624 31.0313 0.1084 0.1554 Cartilage 
W  3.8836 6.0974 0.2572 2.0754 7.1042 0.2281 0.2186 12.1871 10.3435 0.0361 0.0518 
D  1.6587 2.1529 0.3786 0.7379 7.2225 0.3310 2.1547 24.7061 27.4914 0.2771 1.1214 
Egg mass W  3.7587 0.9501 0.1671 0.3256 3.1873 0.1461 0.9509 10.9027 12.1319 0.1223 0.4949 
D  3.0668 22.8903 0.5556 6.8182 17.1188 0.3209 0.7611 55.9215 15.7787 0.0772 1.5052 
Jaw W  7.3880 9.5019 0.2306 2.8303 7.1061 0.1332 0.3159 23.2133 6.5498 0.0321 0.6248 
D  2.0280 8.5059 1.1933 1.4354 69.2308 0.4822 7.5247 15.5276 20.9665 2.3629 0.0034 
Liver  W  3.0456 5.6639 0.7946 0.9558 46.0993 0.3211 5.0105 10.3395 13.9611 1.5734 0.0022 
D  2.0456 45.0235 0.4869 4.9668 189.3332 0.3510 6.1107 92.1490 43.8502 5.6805 0.8902 
Muscle W  13.3167 6.9161 0.0748 0.7630 29.0838 0.0539 0.9387 14.1552 6.7359 0.8726 0.1367 
D  1.0730 6.0112 0.4598 0.1446 20.2237 0.5070 0.7353 9.0214 30.3169 0.4138 1.5312 Pup W  4.3774 1.4735 0.1127 0.0355 4.9573 0.1243 0.1802 2.2114 7.4314 0.1014 0.3753 
D  1.0385 4.4266 0.5055 0.4140 15.7824 0.5219 1.3539 24.0924 21.3481 0.3490 4.4333 
29 
Stomach W  3.3936 1.3546 0.1547 0.1267 4.8297 0.1597 0.4143 7.3727 6.5329 0.1068 1.3567 
Cartilage D  2.6272 31.4403 0.4058 5.5991 12.5571 0.2059 0.4602 38.5582 37.1118 0.1387 0.5995 
 W  8.1561 10.1274 0.1307 1.8036 4.0448 0.0663 0.1482 12.4202 11.9542 0.0447 0.1931 
D  3.0644 1.1275 0.1964 0.5737 12.6289 0.1762 1.4440 20.5260 24.4093 0.0974 0.3978 
Egg mass W  5.3164 0.6499 0.1132 0.3307 7.2794 0.1016 0.8323 11.8313 14.0697 0.0561 0.2293 
D  1.9734 6.8714 0.5098 3.7600 117.5129 0.3051 1.1706 49.1537 52.5996 0.1003 1.7645 
Gills  
W  8.1579 1.6622 0.1233 0.9095 28.4264 0.0738 0.2832 11.8903 12.7239 0.0243 0.4268 
D  2.6809 33.7573 0.3275 5.3527 19.9187 0.2059 0.5379 50.0205 15.7223 0.2119 0.4939 Jaw 
W  3.9006 23.2016 0.2251 3.6789 13.6902 0.1415 0.3697 34.3793 10.8060 0.1456 0.3394 
D  0.8242 2.2410 0.4504 0.1842 6.0192 0.6625 0.3630 0.3948 15.8821 0.8020 0.8869 
Lens  W  1.0676 1.7300 0.3477 0.1422 4.6469 0.5114 0.2803 0.3048 12.2611 0.6191 0.6847 
D  3.1921 5.4071 0.2939 1.1497 97.2087 0.2118 2.9824 20.0808 33.6769 6.6007 1.1290 
Liver  
W  4.9582 3.4811 0.1892 0.7402 62.5832 0.1363 1.9201 12.9281 21.6813 4.2495 0.7269 
D  4.6720 45.5908 0.3086 2.0163 139.7688 0.2864 6.2543 34.9315 143.6216 1.0723 0.1956 
Muscle 
W  16.9395 12.5742 0.0851 0.5561 38.5490 0.0790 1.7250 9.6343 39.6116 0.2958 0.0540 
D  1.5837 3.7128 0.4647 0.3845 26.5012 0.3580 1.3115 15.7984 60.0493 0.7072 4.0664 Pup 
W  6.5988 0.8911 0.1115 0.0923 6.3602 0.0859 0.3148 3.7916 14.4117 0.1697 0.9759 
D  0.7242 4.1839 0.8092 0.5746 31.7454 0.7263 2.1168 27.2715 44.5871 0.7346 2.8928 
30 
Stomach 
W  2.2445 1.3500 0.2611 0.1854 10.2428 0.2344 0.6830 8.7993 14.3863 0.2370 0.9334 
D  2.2878 22.5981 0.4052 8.6808 14.9051 0.2373 0.5079 32.6952 86.1526 0.0255 0.7523 
Cartilage W  7.2901 7.0918 0.1272 2.7242 4.6776 0.0745 0.1594 10.2605 27.0367 0.0080 0.2361 
D  0.6123 3.0345 0.9391 0.5055 38.1839 0.9407 1.3947 17.5078 77.3640 0.4575 2.9920 
Egg mass W  1.3201 1.4075 0.4356 0.2345 17.7108 0.4363 0.6469 8.1206 35.8836 0.2122 1.3878 
D  1.4390 4.9062 0.5775 2.0347 131.4107 0.5823 1.0931 44.1974 85.6845 0.1646 1.1598 
Gills  W  5.4316 1.2998 0.1530 0.5391 34.8148 0.1543 0.2896 11.7093 22.7005 0.0436 0.3073 
D  2.0926 23.5210 0.5715 10.9911 23.1530 0.2872 0.6944 58.9697 31.3008 0.2165 1.0360 
Jaw W  6.5336 7.5334 0.1831 3.5203 7.4155 0.0920 0.2224 18.8870 10.0251 0.0693 0.3318 
D  0.5289 7.4343 1.0645 0.1658 59.0660 1.0399 0.3666 6.6837 19.8903 1.2668 3.2312 Lens  W  0.7039 5.5860 0.7998 0.1246 44.3813 0.7814 0.2755 5.0220 14.9453 0.9518 2.4279 
D  2.2363 4.5969 0.3229 0.5071 61.9327 0.3318 1.5029 7.7136 36.4441 1.0316 0.2902 
Liver  W  3.1523 3.2611 0.2290 0.3597 43.9362 0.2354 1.0662 5.4722 25.8541 0.7318 0.2059 
D  5.0672 97.2727 0.5907 5.6422 194.1901 0.2445 4.6752 71.9727 61.7895 2.8951 0.4312 
Muscle W  22.2789 22.1241 0.1343 1.2833 44.1674 0.0556 1.0633 16.3697 14.0537 0.6585 0.0981 
D  1.2641 8.8047 0.6210 0.9200 28.6607 0.4818 1.0885 18.9700 72.3835 0.0945 1.7158 
31 
Stomach W  4.6092 2.4147 0.1703 0.2523 7.8604 0.1321 0.2985 5.2026 19.8516 0.0259 0.4706 
D  0.7613 154.7353 0.8630 5.9648 23.1709 0.9077 0.9050 46.1579 31.0521 0.6464 2.6717 Cartilage 
W  2.5185 46.7739 0.2609 1.8031 7.0042 0.2744 0.2736 13.9527 9.3865 0.1954 0.8076 
D  2.9647 1.2936 0.2867 0.5545 11.1580 0.1203 1.0247 15.7824 18.1806 0.3208 1.1637 Egg mass 
W  5.9136 0.6485 0.1437 0.2780 5.5939 0.0603 0.5137 7.9123 9.1146 0.1608 0.5834 
D  2.3088 6.4016 0.4647 2.0136 83.8098 0.1648 0.7385 28.0232 36.5991 0.1774 0.2447 
Gills  W  11.0705 1.3351 0.0969 0.4199 17.4789 0.0344 0.1540 5.8444 7.6329 0.0370 0.0510 
D  2.3969 3.5755 0.0686 0.6045 2.2112 0.0305 0.0922 6.0954 1.5286 0.0317 0.1393 
Jaw 
W  7.5547 1.1344 0.0218 0.1918 0.7016 0.0097 0.0292 1.9339 0.4850 0.0101 0.0442 
D  0.7766 3.7651 0.9645 0.0055 7.0306 0.9039 0.6734 2.4543 13.8939 0.3947 5.0103 
Lens  
W  1.7306 1.6896 0.4328 0.0025 3.1550 0.4056 0.3022 1.1014 6.2348 0.1771 2.2484 
D  2.0037 9.0632 0.6458 0.7346 0.1532 0.3738 0.0291 12.2424 0.4651 0.1756 18.4010 Liver  
W  2.8463 6.3802 0.4546 0.5172 0.1079 0.2631 0.0205 8.6182 0.3274 0.1236 12.9537 
D  0.6754 255.5523 1.0808 2.5644 106.6035 1.1223 6.6983 79.5084 60.8380 4.5691 7.0255 
Muscle W  3.2832 52.5707 0.2223 0.5275 21.9298 0.2309 1.3779 16.3560 12.5152 0.9399 1.4452 
D  1.0786 13.6195 1.0903 0.5563 32.1250 0.6879 1.3110 19.1359 57.6673 0.4323 3.7085 
Pup 
W  4.5642 3.2185 0.2577 0.1315 7.5917 0.1626 0.3098 4.5222 13.6278 0.1022 0.8764 
D  1.1871 3.9516 0.4692 1.0479 76.8259 0.5922 3.7983 30.9662 40.2325 0.4338 1.1170 
32 
Stomach W  5.3143 0.8827 0.1048 0.2341 17.1612 0.1323 0.8485 6.9172 8.9871 0.0969 0.2495 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al Cr Mn Fe  Co Cu Zn As Cd Pb 
D  0.6524 18.5009 2.7008 6.6355 25.0153 0.1904 2.5904 30.4261 37.2011 4.0865 4.2551 Cartilage 
W  2.0282 5.9511 0.8688 2.1344 8.0465 0.0612 0.8333 9.7870 11.9663 1.3145 1.3687 
D  1.3201 1.8529 0.4477 0.3635 7.0070 0.5568 1.7840 14.1126 16.4306 0.2791 2.6649 
Egg mass W  2.2388 1.0925 0.2640 0.2143 4.1317 0.3283 1.0519 8.3214 9.6882 0.1646 1.5714 
D  1.2244 6.9748 1.4807 3.6034 106.7462 0.3683 0.6591 39.5622 54.2306 2.0704 2.8283 
Gills  W  5.0670 1.6854 0.3578 0.8707 25.7944 0.0890 0.1593 9.5599 13.1044 0.5003 0.6834 
D  2.3779 21.0690 0.4685 5.6436 17.8435 0.3129 0.8432 40.4979 19.0252 0.1875 0.5913 
Jaw W  7.9305 6.3174 0.1405 1.6922 5.3502 0.0938 0.2528 12.1430 5.7046 0.0562 0.1773 
D  0.5101 7.0614 3.9424 1.5801 11.6056 0.6973 3.7326 7.1300 8.4042 5.4930 10.7234 
Lens  W  0.7489 4.8097 2.6853 1.0762 7.9049 0.4750 2.5424 4.8565 5.7244 3.7415 7.3040 
D  1.5482 74.1506 1.2712 1.4165 51.1562 0.2665 2.0979 13.1055 21.1148 0.5103 1.1265 Liver  W  2.4291 47.2603 0.8102 0.9028 32.6047 0.1699 1.3371 8.3529 13.4577 0.3252 0.7180 
D  0.6745 321.5715 1.6264 23.7954 657.5241 0.8110 4.2209 109.7109 28.3469 3.6323 5.5834 
Muscle W  2.3884 90.8139 0.4593 6.7200 185.6892 0.2290 1.1920 30.9831 8.0054 1.0258 1.5768 
D  2.1013 2.6460 0.7662 0.5754 11.4263 0.1826 0.5492 6.9576 21.2488 1.1745 2.5175 
33 
Stomach W  4.5010 1.2353 0.3577 0.2686 5.3344 0.0852 0.2564 3.2482 9.9200 0.5483 1.1753 
D  1.3034 15.3598 0.7902 6.7669 20.7764 0.5524 1.0081 27.8502 58.9995 0.4887 4.3041 
Cartilage W  4.4716 4.4771 0.2303 1.9724 6.0560 0.1610 0.2939 8.1179 17.1974 0.1425 1.2546 
D  1.1047 3.6200 0.6083 5.0149 153.3448 0.7541 1.5588 50.3304 97.4020 0.6671 0.3309 
Gills  
W  5.4369 0.7355 0.1236 1.0190 31.1575 0.1532 0.3167 10.2264 19.7907 0.1356 0.0672 
D  2.4544 23.7125 0.6437 7.8105 27.1349 0.3243 0.8939 57.4071 37.3207 0.2343 0.6295 Jaw 
W  8.9089 6.5328 0.1774 2.1518 7.4757 0.0893 0.2463 15.8156 10.2819 0.0645 0.1734 
D  0.4329 3.6013 1.8780 1.0457 8.6648 0.6891 1.5 431 1.0506 16.4010 0.2257 4.7193 
Lens  W  0.6492 2.4014 1.2523 0.6973 5.7779 0.4595 1.0290 0.7006 10.9365 0.1505 3.1470 
D  1.6168 8.9498 0.4979 1.6428 142.8748 0.4960 7.9354 16.8234 54.9852 3.6368 2.6039 
Liver  
W  2.4323 5.9491 0.3310 1.0920 94.9718 0.3297 5.2748 11.1828 36.5498 2.4175 1.7309 
D  1.5234 2.6808 0.5599 1.3916 52.9736 0.5455 7.2273 52.9080 88.4206 1.3739 1.3956 
Spleen 
W  6.1025 0.6692 0.1398 0.3474 13.2241 0.1362 1.8042 13.2077 22.0729 0.3430 0.3484 
D  0.6859 101.1809 1.2174 7.7125 224.3767 1.1139 6.1685 93.1623 51.2611 3.1987 5.7239 
34 
Stomach 
W  3.0586 22.6901 0.2730 1.7295 50.3171 0.2498 1.3833 20.8919 11.4955 0.7173 1.2836 
D  0.7389 17.0659 1.4251 5.5217 34.7002 0.4725 1.7959 39.5047 77.9537 0.3592 5.6801 Cartilage 
W  2.5271 4.9899 0.4167 1.6145 10.1460 0.1381 0.5251 11.5508 22.7929 0.1050 1.6608 
D  1.3641 5.4248 0.8071 3.3671 98.1600 0.3242 1.9463 45.3779 83.7915 0.3702 1.2895 
Gills  W  5.9926 1.2349 0.1837 0.7664 22.3442 0.0738 0.4430 10.3294 19.0735 0.0843 0.2935 
D  1.9105 1.6582 0.5475 1.2567 40.8270 0.2546 3.4651 36.0639 80.9212 0.7066 0.4517 
Gonads W  7.1320 0.4442 0.1467 0.3367 10.9366 0.0682 0.9282 9.6607 21.6769 0.1893 0.1210 
D  1.4075 24.1137 0.8192 7.6945 15.7584 0.2542 2.1130 48.8099 25.8970 0.1240 0.2690 
Jaw W  3.7982 8.9358 0.3036 2.8514 5.8396 0.0942 0.7830 18.0875 9.5967 0.0460 0.0997 
D  0.4354 5.5489 1.8282 1.1828 10.4731 0.7081 1.8006 0.4155 23.1971 0.2299 1.4148 
Lens  W  0.6570 3.6773 1.2116 0.7839 6.9406 0.4693 1.1933 0.2753 15.3729 0.1524 0.9376 
D  3.3526 3.7493 0.2911 0.4033 49.2752 0.1066 0.7949 3.8865 13.4254 0.6204 0.7940 Liver  W  4.6130 2.7249 0.2116 0.2931 35.8118 0.0775 0.5777 2.8246 9.7572 0.4509 0.5771 
D  1.3278 10.1898 0.6989 2.2511 56.4091 0.3026 2.9010 54.6769 42.7022 3.0961 0.9196 
Muscle W  5.9297 2.2817 0.1565 0.5041 12.6313 0.0678 0.6496 12.2435 9.5620 0.6933 0.2059 
D  1.3274 4.7913 0.8347 0.7564 16.4381 0.2500 1.5052 13.1535 91.9843 0.2910 1.4442 
Pup W  5.3912 1.1797 0.2055 0.1862 4.0473 0.0615 0.3706 3.2386 22.6480 0.0717 0.3556 
D  1.7884 0.8661 0.0758 0.0035 8.2085 0.0614 0.0816 1.5427 1.4298 0.3159 0.0095 
35 
Stomach W  2.8055 0.5521 0.0483 0.0022 5.2326 0.0391 0.0520 0.9834 0.9114 0.2014 0.0061 
D  1.9105 104.0565 0.4873 1.4734 10.8035 0.2790 0.5496 11.3792 49.6729 0.1517 0.3968 Cartilage 
W  6.7047 29.6508 0.1389 0.4199 3.0784 0.0795 0.1566 3.2425 14.1543 0.0432 0.1131 
D  1.0067 8.6322 1.0192 3.3247 118.9033 2.2291 2.1913 52.0513 98.7385 0.8612 5.8210 Gills  
W  3.9682 2.1899 0.2586 0.8435 30.1648 0.5655 0.5559 13.2050 25.0491 0.2185 1.4767 
D  1.5215 17.0161 0.6237 4.3313 19.7963 1.0128 1.1213 53.4341 48.3733 0.2726 1.1712 
Jaw W  4.8358 5.3538 0.1962 1.3628 6.2285 0.3187 0.3528 16.8121 15.2198 0.0858 0.3685 
D  0.3384 19.7991 2.0833 1.5219 184.9882 2.3788 3.1117 6.0313 16.5485 1.0499 8.6909 
Lens  
W  0.8028 8.3458 0.8782 0.6415 77.9771 1.0027 1.3117 2.5424 6.9756 0.4426 3.6634 
D  2.2645 5.8026 0.4606 0.9181 83.1530 0.7202 2.4288 10.3820 45.7055 1.2188 0.2963 
Liver  
W  3.8878 3.3798 0.2683 0.5347 48.4336 0.4195 1.4147 6.0471 26.6217 0.7099 0.1726 
D  0.9717 69.1571 1.1300 2.5646 164.2482 1.4192 4.0609 49.7376 67.4076 1.8030 2.5018 Muscle 
W  4.9863 13.4769 0.2202 0.4998 32.0077 0.2766 0.7914 9.6926 13.1360 0.3514 0.4875 
D  1.4546 3.0132 0.7253 0.7191 19.1805 0.5610 1.1556 10.8415 99.4088 0.5135 1.3069 
Spleen W  5.7725 0.7593 0.1828 0.1812 4.8333 0.1414 0.2912 2.7319 25.0498 0.1294 0.3293 
D  0.9178 5.9599 0.8335 1.5080 73.1096 2.0669 6.3739 53.6718 97.8427 1.3718 1.3434 
36 
Stomach 
W  3.5218 1.5532 0.2172 0.3930 19.0528 0.5386 1.6611 13.9872 25.4983 0.3575 0.3501 
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Sample Tissue W/D Weight Al Cr Mn Fe Co Cu Zn As Cd Pb 
D  0.9751 18.8596 1.0286 5.8250 11.6193 0.3363 0.9486 29.3919 40.5189 0.3263 2.2623 Cartilage 
W 3.5292 5.2108 0.2842 1.6094 3.2104 0.0929 0.2621 8.1208 11.1952 0.0902 0.6251 
D  1.5724 7.9560 0.6983 3.9557 67.0949 0.3118 0.9985 37.7131 41.2109 0.3084 0.1657 
Gills  W 6.8078 1.8376 0.1613 0.9137 15.4969 0.0720 0.2306 8.7106 9.5185 0.0712 0.0383 
D  0.4612 8.6752 2.1054 1.7606 39.9610 0.8181 7.8794 44.4493 35.4076 1.4961 1.5330 
Gonads W 1.8579 2.1535 0.5226 0.4371 9.9198 0.2031 1.9560 11.0340 8.7895 0.3714 0.3805 
D  11.5168 3.0529 0.1107 0.9022 2.7186 0.0338 0.0992 6.2691 2.3184 0.0209 0.3010 
Jaw W 5.0813 6.9195 0.2509 2.0448 6.1618 0.0765 0.2247 14.2090 5.2546 0.0473 0.6823 
D  0.4846 4.5440 1.8386 0.6486 9.9773 0.6133 0.4723 6.2402 11.3908 0.1810 5.0330 
Lens  W 0.8394 2.6233 1.0615 0.3744 5.7601 0.3541 0.2727 3.6026 6.5761 0.1045 2.9056 
D  1.5524 47.7325 0.5514 0.6293 55.7202 0.2439 2.0304 9.3404 22.4684 1.9422 0.4825 Liver W 2.3152 32.0059 0.3697 0.4220 37.3618 0.1636 1.3614 6.2630 15.0657 1.3023 0.3235 
D  1.2182 1578.5585 0.8028 2.0563 74.3720 0.3591 23.8549 47.9396 18.5848 7.1171 1.0754 
Muscle W 5.9167 325.0123 0.1653 0.4234 15.3126 0.0739 4.9115 9.8704 3.8265 1.4653 0.2214 
D  1.0894 3.1393 0.8739 0.7518 18.0833 0.3071 1.7202 14.2464 36.2401 0.9785 2.1801 
37 
Stomach W 4.3344 0.7890 0.2196 0.1890 4.5450 0.0772 0.4324 3.5807 9.1085 0.2459 0.5479 
D  1.2076 28.3786 0.8239 6.2935 12.2309 0.2950 0.6699 29.9271 70.6360 0.3387 1.2769 
Cartilage W 3.9859 8.5978 0.2496 1.9067 3.7056 0.0894 0.2030 9.0670 21.4004 0.1026 0.3869 
D  0.9164 11.6543 2.0079 4.7992 94.2820 0.4895 0.4802 55.8708 78.3501 2.4924 2.1104 
Gills  
W 3.7885 2.8191 0.4857 1.1609 22.8059 0.1184 0.1162 13.5146 18.9521 0.6029 0.5105 
D  1.5373 4.2412 1.2054 1.8695 63.3578 0.3383 2.9682 46.3150 85.6697 0.1292 1.4870 Gonads 
W 5.5910 1.1662 0.3314 0.5140 17.4209 0.0930 0.8161 12.7348 23.5557 0.0355 0.4089 
D  2.1625 16.9156 0.6594 5.1607 17.0035 0.1961 0.7801 39.8613 35.8382 0.1594 0.0535 
Jaw W 3.8345 9.5397 0.3719 2.9104 9.5893 0.1106 0.4400 22.4801 20.2112 0.0899 0.0302 
D  1.4965 5.8737 1.2990 1.3451 74.1731 0.3254 2.6629 12.4958 41.5636 1.4781 1.3765 
Liver 
W 2.5143 3.4960 0.7732 0.8006 44.1475 0.1937 1.5849 7.4375 24.7385 0.8798 0.8193 
D  0.5423 792.3658 2.7199 8.5303 638.5764 1.1875 2.2239 80.4167 79.1628 0.6460 0.6644 
Muscle 
W 2.8728 149.5753 0.5134 1.6103 120.5444 0.2242 0.4198 15.1803 14.9436 0.1219 0.1254 
D  0.9136 7.0819 2.0118 1.3124 21.2237 0.4192 1.1384 9.6103 103.7653 2.2931 0.0055 
38 
Stomach 
W 3.7527 1.7241 0.4898 0.3195 5.1669 0.1021 0.2771 2.3396 25.2618 0.5583 0.0013 
D  1.4553 2.4023 0.0292 0.5690 1.2197 0.0487 0.0686 13.4955 3.3395 0.1074 0.2410 Cartilage 
W 4.8133 0.7263 0.0088 0.1720 0.3688 0.0147 0.0207 4.0804 1.0097 0.0325 0.0729 
D  1.4717 1.1809 0.0257 0.2742 13.1277 0.0354 0.1167 4.3215 8.8061 0.0725 0.0962 
Gills  W 7.4360 0.2337 0.0051 0.0543 2.5982 0.0070 0.0231 0.8553 1.7429 0.0143 0.0190 
D  2.4289 1.8889 0.0188 0.0754 2.5979 0.0276 0.4228 3.5695 3.7713 0.0365 0.0917 
Gonads W 10.7907 0.4252 0.0042 0.0170 0.5848 0.0062 0.0952 0.8035 0.8489 0.0082 0.0206 
D  3.7222 1.1020 0.0145 0.3009 0.8328 0.0176 0.0315 2.8532 2.2272 0.0441 0.0888 
Jaw W 14.9727 0.2740 0.0036 0.0748 0.2070 0.0044 0.0078 0.7093 0.5537 0.0110 0.0221 
D  0.5954 6.2630 0.0781 0.8532 7.0490 0.1438 0.0645 279.8119 1.6728 0.2472 0.0390 
Lens  W 1.2259 3.0418 0.0379 0.4144 3.4236 0.0698 0.0313 135.9002 0.8125 0.1201 0.0189 
D  0.5000 0.2182 0.8088 0.0640 15.8200 0.1500 0.4054 0.6706 4.2700 0.2090 0.4164 Liver W 1.1131 0.0980 0.3633 0.0287 7.1062 0.0674 0.1821 0.3012 1.9181 0.0939 0.1870 
D  3.7084 22.5434 0.0577 0.8389 33.6803 0.0071 0.8502 6.1158 1.9658 0.3009 0.0158 
Muscle W 22.4225 3.7284 0.0095 0.1387 5.5703 0.0012 0.1406 1.0115 0.3251 0.0498 0.0026 
D  5.4335 0.0063 0.0136 0.0077 0.0015 0.0167 0.0061 0.0502 0.0791 0.0325 0.0423 
Spleen W 20.2314 0.0017 0.0036 0.0021 0.0004 0.0045 0.0016 0.0 135 0.0212 0.0087 0.0114 
D  0.2275 3.0593 0.2369 0.2760 28.7912 0.3670 0.0585 88.5714 9.9868 0.6725 1.6475 
39 
Stomach W 0.9501 0.7326 0.0567 0.0661 6.8940 0.0879 0.0140 21.2083 2.3913 0.1610 0.3945 
D  1.6940 1.4061 0.0879 0.3058 0.4758 0.0016 0.0390 1.6440 0.9906 0.0280 0.2423 Cartilage 
W 4.8763 0.4885 0.0305 0.1062 0.1653 0.0006 0.0135 0.5711 0.3441 0.0097 0.0842 
D  1.5664 1.2698 0.0917 0.2709 7.1246 0.0093 0.0790 3.1039 4.1050 0.0471 0.0686 Gills  
W 7.5614 0.2630 0.0190 0.0561 1.4759 0.0019 0.0164 0.6430 0.8504 0.0098 0.0142 
D  1.8716 0.9580 0.0683 0.0996 2.1971 0.0070 0.1156 2.7036 3.4569 0.0494 0.1239 
Gonads W 8.5789 0.2090 0.0149 0.0217 0.4793 0.0015 0.0252 0.5898 0.7542 0.0108 0.0270 
D  2.6458 1.2824 0.0605 0.4479 0.7480 0.0014 0.0443 3.0728 1.2620 0.0212 0.2415 
Jaw 
W 8.8868 0.3818 0.0180 0.1333 0.2227 0.0004 0.0132 0.9148 0.3757 0.0063 0.0719 
D  0.6329 0.5759 0.1978 0.1092 0.6173 0.0009 0.0689 21.9624 0.6938 0.0646 0.4081 
Lens  
W 1.1754 0.3101 0.1065 0.0588 0.3324 0.0005 0.0371 11.8258 0.3736 0.0348 0.2198 
D  2.5128 0.5922 0.0621 0.0686 4.1905 0.0038 0.1459 0.4549 1.3686 0.1599 0.2010 Liver 
W 3.6516 0.4075 0.0427 0.0472 2.8837 0.0026 0.1004 0.3130 0.9418 0.1100 0.1383 
D  1.4595 6.3789 0.1374 0.8743 17.1360 0.0143 0.2747 6.6598 1.6341 0.1145 0.2024 
Muscle W 6.6104 1.4084 0.0303 0.1930 3.7834 0.0032 0.0606 1.4704 0.3608 0.0253 0.0447 
D  3.0887 0.4293 0.0630 0.0381 0.6699 0.0011 0.0525 0.5115 2.9754 0.0193 0.1658 
Spleen 
W 12.9220 0.1026 0.0151 0.0091 0.1601 0.0003 0.0126 0.1 223 0.7112 0.0046 0.0396 
D  0.2265 1.3042 0.5638 0.3453 10.8521 0.0291 0.1996 5.3466 4.3488 0.2415 0.3227 
40 
Stomach W 0.9069 0.3257 0.1408 0.0862 2.7103 0.0073 0.0498 1.3353 1.0861 0.0603 0.0806 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr  Mn Fe Co Cu Zn As Cd Pb 
D 2.8921 1.5981 0.0602 0.5598 1.6555 0.0017 0.0567 2.2095 3.5511 0.0287 0.0748 Cartilage W 8.5285 0.5419 0.0204 0.1898 0.5614 0.0006 0.0192 0.7493 1.2042 0.0097 0.0254 
D 1.6005 1.1290 0.1075 0.0677 3.9363 0.0703 0.0218 1.5839 3.2927 0.0774 0.2799 Gills  W 6.2731 0.2881 0.0274 0.0173 1.0043 0.0179 0.0056 0.4041 0.8401 0.0197 0.0714 
D 1.0114 2.3868 0.1723 0.0561 4.8695 0.1053 0.0719 3.3043 5.3490 0.0088 0.2900 Gonads W 4.9652 0.4862 0.0351 0.0114 0.9919 0.0214 0.0146 0.6731 1.0896 0.0018 0.0591 
D 2.8159 0.7348 0.0555 0.2933 1.4155 0.0425 0.0063 2.2693 1.5160 0.0482 0.0210 Jaw 
W 9.2488 0.2237 0.0169 0.0893 0.4310 0.0129 0.0019 0.6909 0.4616 0.0147 0.0064 
D 0.6614 0.0228 0.2646 0.2446 0.3415 0.1816 0.1887 0.1669 0.6640 0.2427 0.2460 Lens 
W 1.4312 0.0106 0.1223 0.1131 0.1578 0.0839 0.0872 0.0771 0.3069 0.1121 0.1137 
D 4.0429 0.4185 0.0357 0.0410 2.6441 0.0032 0.0890 0.4541 1.6102 0.2459 0.0560 Liver 
W 8.4808 0.1995 0.0170 0.0195 1.2605 0.0015 0.0424 0.2165 0.7676 0.1172 0.0267 
D 0.6444 0.5135 0.2720 0.0736 8.5816 0.1690 0.0701 4.8634 3.6701 0.1040 0.0715 Muscle W 4.7474 0.0697 0.0369 0.0100 1.1648 0.0229 0.0095 0.6602 0.4982 0.0141 0.0097 
D 3.6282 0.5245 0.0275 0.0210 0.8602 0.0328 0.0107 0.9881 4.7489 0.0354 0.0448 Spleen W 13.3454 0.1426 0.0075 0.0057 0.2339 0.0089 0.0029 0.2686 1.2911 0.0096 0.0122 
D 0.1516 2.0950 1.1603 1.0303 13.1926 0.8430 0.7427 1.6088 6.2797 0.9439 0.1346 
41 
Stomach 
W 0.5439 0.5839 0.3234 0.2872 3.6771 0.2350 0.2070 0.4484 1.7503 0.2631 0.0375 
D 2.9212 2.6393 0.0130 0.5631 1.2878 0.0294 0.0443 1.6017 3.0707 0.0154 0.0044 Cartilage W 10.3412 0.7456 0.0037 0.1591 0.3638 0.0083 0.0125 0.4525 0.8674 0.0044 0.0012 
D 2.0304 1.0624 0.0130 0.3226 13.7608 0.0268 0.1066 4.6050 8.0871 0.0033 0.0027 Gills  
W 10.2986 0.2094 0.0026 0.0636 2.7130 0.0053 0.0210 0.9079 1.5944 0.0007 0.0005 
D 2.2157 0.1940 0.0163 0.0370 5.5107 0.0272 0.3976 4.0168 5.9304 0.0752 0.1079 Gonads W 9.6455 0.0446 0.0037 0.0085 1.2659 0.0063 0.0913 0.9227 1.3623 0.0173 0.0248 
D 2.3488 2.8440 0.0209 0.7050 1.9512 0.0339 0.0499 3.4784 1.7209 0.0228 0.0229 Jaw W 8.5390 0.7823 0.0058 0.1939 0.5367 0.0093 0.0137 0.9568 0.4734 0.0063 0.0063 
D 0.7015 2.1183 0.0994 0.2007 1.7577 0.1274 0.0691 1.0919 0.4624 0.1014 0.2774 Lens W 1.2768 1.1638 0.0546 0.1103 0.9657 0.0700 0.0380 0.5999 0.2541 0.0557 0.1524 
D 0.5000 0.5210 0.9728 0.0880 24.5200 0.1484 0.7984 1.7640 5.3240 0.8644 0.1088 Liver 
W 0.7111 0.3663 0.6840 0.0619 17.2410 0.1043 0.5614 1.2403 3.7435 0.6078 0.0765 
D 4.0216 163.3678 0.2275 0.9081 114.4569 0.0202 0.3514 2.9391 2.5910 0.2046 0.5127 Muscle 
W 19.3246 33.9982 0.0473 0.1890 23.8194 0.0042 0.0731 0.6117 0.5392 0.0426 0.1067 
D 5.3601 0.8420 0.0056 0.0237 1.5410 0.0156 0.0978 0.8310 3.1026 0.0083 0.0410 Spleen W 18.8625 0.2393 0.0016 0.0067 0.4379 0.0044 0.0278 0.2361 0.8816 0.0024 0.0116 
D 0.1841 0.3351 0.3281 0.6725 36.5562 0.4878 0.1706 6.7952 13.0201 0.2933 0.4128 
42 
Stomach W 0.8034 0.0768 0.0752 0.1541 8.3769 0.1118 0.0391 1.5571 2.9836 0.0672 0.0946 
D 3.2365 2.5336 0.0141 0.3318 0.9359 0.0281 0.0387 1.4574 5.2433 0.0080 0.0565 Cartilage
W 11.1673 0.7343 0.0041 0.0962 0.2712 0.0081 0.0112 0.4224 1.5196 0.0023 0.0164 
D 2.5100 1.4048 0.0170 0.1891 6.5259 0.0320 0.0536 2.6135 5.0876 0.0131 0.0705 Gills  
W 8.4025 0.4196 0.0051 0.0565 1.9494 0.0096 0.0160 0.7807 1.5198 0.0039 0.0211 
D 1.9544 2.5425 0.0178 0.2253 4.0301 0.0441 0.1895 5.1448 8.9951 0.0914 0.0994 Gonads 
W 8.8794 0.5596 0.0039 0.0496 0.8871 0.0097 0.0417 1.1324 1.9799 0.0201 0.0219 
D 1.8441 4.2839 0.0235 0.4322 2.2808 0.0492 0.0448 3.4705 2.1886 0.0243 0.0322 Jaw W 6.3206 1.2499 0.0069 0.1261 0.6654 0.0143 0.0131 1.0126 0.6385 0.0071 0.0094 
D 0.7607 0.7467 0.0929 0.1931 0.7730 0.1217 0.0593 0.1886 2.4583 0.0911 0.0549 Lens W 1.8138 0.3132 0.0390 0.0810 0.3242 0.0511 0.0249 0.0791 1.0310 0.0382 0.0230 
D 0.5102 0.6043 0.8671 0.0735 22.2854 0.1564 0.6066 2.9949 4.1690 1.5445 0.0392 Liver 
W 0.6986 0.4413 0.6333 0.0537 16.2765 0.1142 0.4431 2.1874 3.0449 1.1280 0.0286 
D 5.0408 0.2244 0.0127 0.0183 8.0384 0.0177 0.1994 0.4277 0.0064 0.0124 0.0245 Muscle W 18.1053 0.0625 0.0035 0.0051 2.2380 0.0049 0.0555 0.1191 0.0018 0.0035 0.0068 
D 5.2223 0.4448 0.0048 0.0339 1.4534 0.0168 0.0717 0.9766 6.6561 0.0047 0.0168 Spleen 
W 16.2362 0.1431 0.0016 0.0109 0.4675 0.0054 0.0230 0.3141 2.1409 0.0015 0.0054 
D 0.1432 3.1411 0.4546 0.8401 36.6620 0.6564 0.1543 9.3855 10.8240 0.2297 2.2284 
43 
Stomach W 0.6107 0.7365 0.1066 0.1970 8.5967 0.1539 0.0362 2.2008 2.5381 0.0539 0.5225 
D 1.5506 2.1921 0.0894 0.3818 0.4734 0.0021 0.0400 1.3762 1.5639 0.0359 0.1187 Cartilage W 4.1988 0.8095 0.0330 0.1410 0.1748 0.0008 0.0148 0.5082 0.5775 0.0132 0.0438 
D 1.6016 0.3247 0.0850 0.2025 3.1056 0.0032 0.0777 1.5335 2.4763 0.0602 0.0558 Gills  W 6.5377 0.0795 0.0208 0.0496 0.7608 0.0008 0.0190 0.3757 0.6066 0.0147 0.0137 
D 2.4482 1.4235 0.0179 0.0450 3.8396 0.0228 0.3415 3.0676 4.3665 0.0771 0.0502 Gonads 
W 8.5029 0.4099 0.0052 0.0130 1.1055 0.0066 0.0983 0.8832 1.2572 0.0222 0.0144 
D 3.9281 1.0183 0.0376 0.2151 0.6112 0.0015 0.0394 1.6598 1.2983 0.0186 0.0048 Jaw 
W 13.1020 0.3053 0.0113 0.0645 0.1833 0.0005 0.0118 0.4976 0.3893 0.0056 0.0014 
D 0.7149 0.4664 0.1809 0.0937 0.0832 0.0035 0.0111 0.7274 0.1386 0.0463 1.4617 Lens W 1.1968 0.2786 0.1080 0.0560 0.0497 0.0021 0.0066 0.4345 0.0828 0.0277 0.8732 
D 2.4403 0.6294 0.0696 0.0682 4.4872 0.0033 0.1231 0.6303 1.9678 0.2401 0.0354 Liver W 3.2070 0.4790 0.0529 0.0519 3.4144 0.0025 0.0936 0.4796 1.4973 0.1827 0.0270 
D 2.3943 6.3108 0.0867 0.6018 9.5101 0.0108 0.2289 2.7816 0.9259 0.1814 0.2836 Muscle 
W 10.6648 1.4168 0.0195 0.1351 2.1351 0.0024 0.0514 0.6245 0.2079 0.0407 0.0637 
D 2.9522 0.4732 0.0496 0.0370 0.5311 0.0017 0.0459 0.4193 2.9876 0.0196 0.1318 
44 
Stomach 
W 10.9539 0.1275 0.0134 0.0100 0.1431 0.0005 0.0124 0.1130 0.8052 0.0053 0.0355 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As  Cd Pb 
D 2.0097 1.0146 0.0850 0.0931 0.4414 0.0619 0.0319 0.6961 1.7386 0.0755 0.0766 Cartilage W 6.4499 0.3161 0.0265 0.0290 0.1375 0.0193 0.0100 0.2169 0.5417 0.0235 0.0239 
D 1.2693 0.2631 0.1342 0.0318 3.8281 0.0868 0.0314 0.9493 2.4620 0.1097 0.0369 Gills  W 5.6323 0.0593 0.0302 0.0072 0.8627 0.0196 0.0071 0.2139 0.5548 0.0247 0.0083 
D 1.5829 3.8474 0.0805 0.0856 1.8700 0.0044 0.1812 1.3052 2.6932 0.0496 0.0718 Gonads W 4.7954 1.2700 0.0266 0.0283 0.6173 0.0014 0.0598 0.4308 0.8890 0.0164 0.0237 
D 2.1806 2.4122 0.0724 0.3916 1.6917 0.0107 0.0773 3.1551 2.1870 0.0304 0.0018 Jaw 
W 7.4416 0.7068 0.0212 0.1148 0.4957 0.0031 0.0227 0.9245 0.6409 0.0089 0.0005 
D 0.2841 0.5350 0.6895 0.5973 0.6287 0.4252 0.4579 2.1929 0.3999 0.5776 1.3629 Lens 
W 0.7391 0.2057 0.2651 0.2296 0.2416 0.1634 0.1760 0.8429 0.1537 0.2220 0.5239 
D 1.9991 4.3970 0.0820 0.0892 9.0541 0.0115 0.2546 0.5998 2.6712 0.2111 0.3542 Liver 
W 2.8450 3.0896 0.0576 0.0627 6.3620 0.0081 0.1789 0.4214 1.8770 0.1484 0.2489 
D 1.6271 43.4515 1.0239 1.3460 76.9467 0.0760 0.4997 5.0827 2.6839 0.4597 1.6883 Muscle W 7.1885 9.8352 0.2318 0.3047 17.4167 0.0172 0.1131 1.1504 0.6075 0.1041 0.3821 
D 1.2049 1.2906 0.1290 0.1011 1.3395 0.0993 0.0141 0.7295 5.9009 0.1243 0.4830 Spleen W 10.4426 0.1489 0.0149 0.0117 0.1546 0.0115 0.0016 0.0842 0.6809 0.0143 0.0557 
D 0.2245 0.7350 0.8343 0.7194 5.7416 0.5425 0.5265 1.7969 2.3786 0.6949 1.6174 
45 
Stomach 
W 0.6360 0.2594 0.2945 0.2539 2.0267 0.1915 0.1858 0.6343 0.8396 0.2453 0.5709 
D 2.2599 1.3394 0.0281 0.2717 0.9806 0.0438 0.0270 4.2037 11.4917 0.0773 0.0821 Cartilage W 8.4361 0.3588 0.0075 0.0728 0.2627 0.0117 0.0072 1.1261 3.0784 0.0207 0.0220 
D 1.4727 1.2297 0.0204 0.2457 7.4557 0.0554 0.1133 4.2575 7.3199 0.0809 0.1757 Gills  
W 7.6433 0.2369 0.0039 0.0473 1.4366 0.0107 0.0218 0.8203 1.4104 0.0156 0.0339 
D 1.2058 2.1438 0.0408 0.0839 5.5648 0.0674 0.2174 3.9998 8.1274 0.0999 0.2945 Gonads W 5.9564 0.4340 0.0083 0.0170 1.1265 0.0136 0.0440 0.8097 1.6453 0.0202 0.0596 
D 1.9450 2.9049 0.0373 0.3527 1.6617 0.0501 0.0303 3.9383 4.5398 0.0901 0.0775 Jaw W 7.5418 0.7492 0.0096 0.0910 0.4285 0.0129 0.0078 1.0157 1.1708 0.0232 0.0200 
D 0.4202 1.7515 0.1345 0.0547 0.7825 0.2118 0.0583 0.5543 2.1204 0.4022 1.2542 Lens W 1.0123 0.7271 0.0558 0.0227 0.3248 0.0879 0.0242 0.2301 0.8802 0.1669 0.5206 
D 0.5000 0.3324 1.3120 0.1338 15.3200 0.1736 0.2560 1.1180 5.9200 0.0522 0.1336 Liver 
W 0.7443 0.2233 0.8814 0.0899 10.2914 0.1166 0.1720 0.7510 3.9768 0.0351 0.0897 
D 3.8161 4.0329 0.0047 0.6090 11.7686 0.0166 0.4096 6.1188 2.9716 0.1253 0.0188 Muscle 
W 18.8767 0.8153 0.0010 0.1231 2.3791 0.0034 0.0828 1.2370 0.6007 0.0253 0.0038 
D 5.0538 39.2774 0.0000 0.0724 1.4781 0.0167 0.0710 3.8031 12.2482 0.0302 0.0253 Spleen W 18.5056 10.7265 0.0000 0.0198 0.4037 0.0046 0.0194 1.0386 3.3449 0.0082 0.0069 
D 0.3483 5.0301 0.1390 0.0057 34.0511 0.2518 0.1235 5.6187 10.6403 0.4640 0.8900 
46 
Stomach W 1.5482 1.1316 0.0313 0.0013 7.6605 0.0566 0.0278 1.2640 2.3937 0.1044 0.2002 
D 1.6789 3.5321 0.0270 0.8035 0.8780 0.0497 0.0417 3.8180 2.7601 0.0941 0.1556 Cartilage
W 5.1340 1.1550 0.0088 0.2628 0.2871 0.0162 0.0136 1.2485 0.9026 0.0308 0.0509 
D 2.1145 2.1854 0.0150 0.3173 8.7066 0.0366 0.1085 3.6273 5.5758 0.0351 0.0481 Gills  
W 10.3165 0.4479 0.0031 0.0650 1.7845 0.0075 0.0222 0.7435 1.1428 0.0072 0.0099 
D 2.4493 0.5430 0.0198 0.0754 4.0583 0.0320 0.2576 3.4132 5.6383 0.0046 0.1617 Gonads 
W 11.6500 0.1142 0.0042 0.0158 0.8532 0.0067 0.0542 0.7176 1.1854 0.0010 0.0340 
D 4.1474 1.6227 0.0101 0.3858 1.5889 0.0199 0.0324 2.9078 2.4521 0.0354 0.0714 Jaw W 16.5367 0.4070 0.0025 0.0968 0.3985 0.0050 0.0081 0.7293 0.6150 0.0089 0.0179 
D 0.6412 21.2258 0.0444 0.5037 23.6120 0.0825 0.3729 5.2215 4.1173 0.1544 0.2707 Lens W 1.1277 12.0688 0.0253 0.2864 13.4256 0.0469 0.2120 2.9689 2.3410 0.0878 0.1539 
D 0.5000 0.7544 1.4420 0.1300 22.0000 0.1504 0.4744 0.8006 6.5280 0.5470 1.2640 Liver 
W 1.0149 0.3717 0.7104 0.0640 10.8382 0.0741 0.2337 0.3944 3.2160 0.2695 0.6227 
D 7.2006 3.6733 0.0040 0.2551 8.9993 0.0071 0.5351 3.4942 1.8318 0.1836 0.0202 Muscle W 35.6628 0.7417 0.0008 0.0515 1.8170 0.0014 0.1080 0.7055 0.3699 0.0371 0.0041 
D 5.0223 10.4733 0.0091 0.0532 0.9555 0.0169 0.0716 0.9159 3.3152 0.0284 0.0902 Spleen 
W 17.1523 3.0667 0.0027 0.0156 0.2798 0.0050 0.0210 0.2682 0.9707 0.0083 0.0264 
D 0.1865 1.0016 0.2751 0.0917 35.2815 0.4483 0.0461 6.6649 10.0054 0.7984 0.8477 
47 
Stomach W 0.8384 0.2228 0.0612 0.0204 7.8483 0.0997 0.0103 1.4826 2.2257 0.1776 0.1886 
D 2.2568 1.0679 0.0259 0.2046 0.6035 0.0284 0.0113 1.4600 2.7960 0.0396 0.0117 Cartilage W 7.3486 0.3280 0.0079 0.0628 0.1853 0.0087 0.0035 0.4484 0.8587 0.0122 0.0036 
D 1.6800 1.2173 0.0187 0.1992 4.4286 0.0368 0.0305 3.3095 3.3929 0.0339 0.0882 Gills  W 7.9829 0.2562 0.0039 0.0419 0.9320 0.0078 0.0064 0.6965 0.7140 0.0071 0.0186 
D 0.2426 9.0478 0.2189 0.3611 13.6397 0.2490 0.2131 1.0820 4.9876 0.3990 0.9308 Gonads 
W 1.1167 1.9656 0.0476 0.0784 2.9632 0.0541 0.0463 0.2351 1.0835 0.0867 0.2022 
D 10.2958 0.4443 0.0037 0.0816 0.2856 0.0060 0.0059 0.9402 0.4856 0.0086 0.0312 Jaw 
W 2.6132 1.7503 0.0147 0.3214 1.1251 0.0238 0.0233 3.7043 1.9134 0.0337 0.1228 
D 2.4644 1.3707 0.0258 0.0363 3.2381 0.0254 0.0192 0.1791 1.7246 0.0148 0.0875 Liver W 3.0871 1.0942 0.0206 0.0290 2.5850 0.0202 0.0153 0.1429 1.3767 0.0118 0.0699 
D 0.7256 2.2574 0.0772 0.1060 9.3716 0.0834 0.1548 4.4832 1.7337 0.0988 0.0054 Muscle W 3.1502 0.5200 0.0178 0.0244 2.1586 0.0192 0.0356 1.0326 0.3993 0.0228 0.0012 
D 2.9667 0.7571 0.0168 0.0038 0.6971 0.0212 0.0168 0.7483 5.6056 0.0291 0.0539 Spleen 
W 11.7551 0.1911 0.0042 0.0010 0.1759 0.0054 0.0042 0.1889 1.4147 0.0073 0.0136 
D 0.3823 2.6942 0.1614 0.2433 17.3424 0.1614 0.1222 2.8982 4.6534 0.2289 0.3594 
48 
Stomach 
W 1.3798 0.7465 0.0447 0.0674 4.8050 0.0447 0.0338 0.8030 1.2893 0.0634 0.0996 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al Cr Mn Fe Co Cu Zn As  Cd Pb 
D  2.3045 1.8772 0.0046 0.4535 1.2810 0.0342 0.0504 2.3476 9.1994 0.0530 0.2404 Cartilage 
W 8.8164 0.4907 0.0012 0.1185 0.3348 0.0089 0.0132 0.6136 2.4046 0.0138 0.0628 
D  1.5350 2.3349 0.0124 0.2063 7.3160 0.0375 0.1074 3.4853 7.9479 0.0580 0.1604 
Gills W 7.8245 0.4580 0.0024 0.0405 1.4352 0.0073 0.0211 0.6837 1.5592 0.0114 0.0315 
D  0.1172 4.8038 0.4334 0.0768 9.8720 0.7304 0.1997 30.6058 20.1451 1.4044 3.6527 
Gonads W 0.5185 1.0858 0.0980 0.0174 2.2314 0.1651 0.0451 6.9180 4.5535 0.3175 0.8257 
D  2.0122 2.4848 0.0127 0.5268 1.7145 0.0361 0.0595 4.3684 7.0868 0.0697 0.0494 
Jaw W 8.0229 0.6232 0.0032 0.1321 0.4300 0.0090 0.0149 1.0956 1.7774 0.0175 0.0124 
D  0.4230 1.5650 0.1222 0.0478 2.1182 0.2054 0.0537 1.3262 3.3050 0.4083 0.8797 
Lens W 0.8494 0.7794 0.0609 0.0238 1.0549 0.1023 0.0267 0.6605 1.6459 0.2033 0.4381 
D  0.5000 0.4766 1.4480 0.1074 16.3200 0.1520 0.3990 0.4342 5.6080 0.1456 0.7296 Liver  W 0.7359 0.3238 0.9838 0.0730 11.0885 0.1033 0.2711 0.2950 3.8103 0.0989 0.4957 
D  4.2930 58.9099 0.3599 0.7009 119.0310 0.0401 0.4836 5.3599 3.7247 0.1810 0.3594 
Muscle W 26.3536 9.5964 0.0586 0.1142 19.3901 0.0065 0.0 788 0.8731 0.6067 0.0295 0.0585 
D  5.0844 0.8740 0.0018 0.0830 1.3158 0.0144 0.0586 5.6211 9.0788 0.0270 0.0975 
Spleen W 19.0809 0.2329 0.0005 0.0221 0.3506 0.0038 0.0156 1.4978 2.4192 0.0072 0.0260 
D  0.3316 0.5238 0.1270 0.0100 33.2931 0.2497 0.1197 5.9952 11.9723 0.4376 1.3709 
49 
Stomach W 1.4414 0.1205 0.0292 0.0023 7.6592 0.0574 0.0275 1.3792 2.7543 0.1007 0.3154 
D  2.7163 0.4495 0.0613 0.1233 0.4845 0.0440 0.0173 1.0220 2.0948 0.0569 0.1208 
Cartilage 
W 8.5298 0.1431 0.0195 0.0393 0.1543 0.0140 0.0055 0.3254 0.6671 0.0181 0.0385 
D  1.6893 0.3735 0.1005 0.2531 4.9725 0.0059 0.0870 3.2084 4.4456 0.0482 0.0105 Gills 
W 8.3216 0.0758 0.0204 0.0514 1.0094 0.0012 0.0177 0.6513 0.9025 0.0098 0.0021 
D  0.1651 15.3119 1.0896 0.8528 2.6008 0.7698 0.5142 2.7601 4.6699 0.9540 0.0533 
Gonads W 0.6375 3.9655 0.2822 0.2209 0.6736 0.1994 0.1332 0.7148 1.2094 0.2471 0.0138 
D  2.2813 0.5151 0.0821 0.0924 0.5598 0.0539 0.0242 0.8215 1.0174 0.0679 0.3371 
Jaw 
W 7.2962 0.1610 0.0257 0.0289 0.1750 0.0168 0.0076 0.2568 0.3181 0.0212 0.1054 
D  0.5058 0.4978 0.3555 0.2960 0.7416 0.2386 0.1849 0.1289 1.0992 0.3203 0.2317 
Lens 
W 0.8610 0.2925 0.2088 0.1739 0.4357 0.1402 0.1086 0.0757 0.6458 0.1882 0.1361 
D  1.1972 34.8062 0.0388 0.9004 75.9272 0.0800 0.3259 2.6119 1.8493 0.0774 0.3190 Muscle 
W 4.7244 8.8202 0.0098 0.2282 19.2405 0.0203 0.0826 0.6619 0.4686 0.0196 0.0808 
D  1.7113 0.9466 0.0778 0.0517 2.5226 0.0678 0.0072 1.0401 5.1131 0.0906 0.1142 Spleen 
W 6.4441 0.2514 0.0207 0.0137 0.6699 0.0180 0.0019 0.2762 1.3578 0.0241 0.0303 
D  0.3604 2.1365 0.4631 0.3615 13.2547 0.3255 0.1834 3.0688 5.4911 0.4126 0.9994 
50 
Stomach W 1.3864 0.5554 0.1204 0.0940 3.4456 0.0846 0.0477 0.7977 1.4274 0.1073 0.2598 
D  3.2453 0.8351 0.0558 0.2607 0.6964 0.0033 0.0267 0.7845 2.3819 0.0152 0.0043 
Cartilage W 11.1137 0.2438 0.0163 0.0761 0.2034 0.0010 0.0078 0.2291 0.6955 0.0044 0.0013 
D  3.1472 0.1852 0.0446 0.0428 1.0527 0.0029 0.0574 0.7921 0.2752 0.0141 0.0922 
Egg mass W 5.0976 0.1144 0.0275 0.0264 0.6499 0.0018 0.0355 0.4891 0.1699 0.0087 0.0569 
D  2.2210 0.2214 0.0721 0.1905 3.7100 0.0121 0.0558 1.9856 2.2512 0.0305 0.1914 
Gills W 10.0832 0.0488 0.0159 0.0420 0.8172 0.0027 0.0123 0.4374 0.4959 0.0067 0.0422 
D  3.1511 1.2846 0.0709 0.4319 1.0025 0.0090 0.0477 2.8815 1.6153 0.0173 0.0514 Jaw W 11.7304 0.3451 0.0190 0.1160 0.2693 0.0024 0.0128 0.7741 0.4339 0.0046 0.0138 
D  0.5980 0.3574 0.2264 0.1156 0.8219 0.0067 0.0689 0.7109 0.9632 0.0732 0.1452 
Lens W 1.2082 0.1769 0.1121 0.0572 0.4068 0.0033 0.0341 0.3518 0.4767 0.0363 0.0718 
D  2.4766 18.1418 0.1380 0.1165 3.9813 0.0007 0.0688 0.7700 1.1072 0.0826 0.0090 
Liver  W 3.1950 14.0626 0.1069 0.0903 3.0861 0.0005 0.0533 0.5969 0.8582 0.0640 0.0070 
D  1.1408 0.6627 0.1190 0.2263 6.4867 0.0152 0.2579 4.6809 1.7391 0.1950 0.1714 
Muscle W 4.8887 0.1546 0.0278 0.0528 1.5137 0.0035 0.0602 1.0923 0.4058 0.0455 0.0400 
D  4.3403 0.3364 0.0400 0.0288 0.5562 0.0012 0.0296 0.3679 2.4008 0.0109 0.0610 Spleen 
W 17.6708 0.0826 0.0098 0.0071 0.1366 0.0003 0.0073 0.0904 0.5897 0.0027 0.0150 
D  0.2249 1.6754 0.6221 0.3393 10.0934 0.0169 0.2877 2.5256 3.2325 0.2094 0.2886 
51 
Stomach 
W 0.8897 0.4235 0.1572 0.0858 2.5514 0.0043 0.0727 0.6384 0.8171 0.0529 0.0729 
D  5.1224 1.6379 0.0033 0.3504 0.6788 0.0119 0.0123 2.2646 1.6086 0.0166 0.1236 
Cartilage W 14.3888 0.5831 0.0012 0.1247 0.2416 0.0042 0.0044 0.8062 0.5727 0.0059 0.0440 
D  5.1417 0.3180 0.0054 0.0194 0.1809 0.0119 0.0039 0.1931 0.0484 0.0204 0.0661 
Egg mass 
W 6.6455 0.2460 0.0042 0.0150 0.1399 0.0092 0.0030 0.1494 0.0375 0.0158 0.0512 
D  5.7162 0.6615 0.0094 0.1190 0.3520 0.0109 0.0060 0.9132 0.0650 0.0182 0.0284 
Jaw 
W 18.0009 0.2100 0.0030 0.0378 0.1118 0.0035 0.0019 0.2900 0.0207 0.0058 0.0090 
D  0.9062 1.0141 0.0651 0.1544 0.4135 0.0736 0.0757 0.3572 0.8309 0.1152 0.0246 Lens 
W 1.5966 0.5756 0.0370 0.0876 0.2347 0.0418 0.0430 0.2027 0.4716 0.0654 0.0140 
D  3.9203 1.0124 0.0076 0.0407 4.9078 0.0131 0.1038 0.7724 1.8111 0.4018 0.0376 
Liver  W 5.1883 0.7650 0.0057 0.0307 3.7083 0.0099 0.0784 0.5836 1.3685 0.3036 0.0284 
D  1.7539 6.7222 0.0233 0.8244 25.8453 0.0074 0.3290 6.5454 2.2031 0.0174 0.0674 
Muscle 
W 7.2102 1.6352 0.0057 0.2005 6.2869 0.0018 0.0800 1.5922 0.5359 0.0042 0.0164 
D  6.4274 0.8075 0.0094 0.0112 0.9024 0.0099 0.0357 0.8931 3.5302 0.0123 0.0081 
Spleen W 22.9028 0.2266 0.0026 0.0032 0.2532 0.0028 0.0100 0.2506 0.9907 0.0035 0.0023 
D  0.2497 5.0901 0.2455 0.5026 21.3056 0.2555 0.1458 6.9443 4.5294 0.3584 0.8767 
52 
Stomach W 0.9126 1.3927 0.0672 0.1375 5.8295 0.0699 0.0399 1.9001 1.2393 0.0981 0.2399 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al  Cr Mn Fe Co Cu Zn As Cd Pb 
D 1.3003 1.7296 0.0205 1.3935 7.1599 0.0672 0.2040 2.0334 6.2140 0.0448 0.1918 Cartilage W 4.5700 0.4921 0.0058 0.3965 2.0372 0.0191 0.0581 0.5786 1.7681 0.0128 0.0546 
D 1.9907 3.3958 0.0124 0.5119 9.9764 0.0287 0.2377 4.1041 6.5605 0.0115 0.1067 Gills  W 10.2529 0.6593 0.0024 0.0994 1.9370 0.0056 0.0462 0.7968 1.2738 0.0022 0.0207 
D 0.2624 2.6563 0.1578 0.5976 5.3392 0.3411 0.8792 4.3979 3.8224 0.2824 0.7820 Gonads W 1.1644 0.5986 0.0356 0.1347 1.2032 0.0769 0.1981 0.9911 0.8614 0.0636 0.1762 
D 1.1994 2.3178 0.0237 1.1981 4.4439 0.0604 0.1853 3.4225 2.4871 0.0591 0.1073 Jaw 
W 4.6220 0.6015 0.0061 0.3109 1.1532 0.0157 0.0481 0.8881 0.6454 0.0153 0.0278 
D 0.5343 0.3543 0.0743 0.2624 1.4842 0.1731 0.3264 0.4419 3.2809 0.1570 0.3034 Lens 
W 1.0851 0.1745 0.0366 0.1292 0.7308 0.0852 0.1607 0.2176 1.6155 0.0773 0.1494 
D 0.5178 0.5060 0.2010 0.2945 3.3024 0.1754 0.3762 0.4654 0.3540 0.0790 0.2474 Liver 
W 0.7210 0.3634 0.1444 0.2115 2.3715 0.1259 0.2702 0.3342 0.2542 0.0567 0.1777 
D 5.1406 12.5666 0.0230 0.8326 28.2652 0.0074 0.2935 9.7459 2.3869 0.1856 0.1333 Muscle W 31.8396 2.0289 0.0037 0.1344 4.5635 0.0012 0.0474 1.5735 0.3854 0.0300 0.0215 
D 5.8900 0.7744 0.0002 0.1959 1.0526 0.0128 0.0851 1.0917 5.1273 0.0093 0.0111 Spleen W 19.8348 0.2299 0.0001 0.0582 0.3126 0.0038 0.0253 0.3242 1.5226 0.0027 0.0033 
D 0.2477 1.1042 0.1683 0.6157 23.5769 0.3528 0.8264 7.2951 6.5079 0.2753 0.2055 
53 
Stomach 
W 1.1020 0.2482 0.0378 0.1384 5.2995 0.0793 0.1858 1.6397 1.4628 0.0619 0.0462 
D 5.2244 8.2708 0.0249 0.1495 15.0256 0.0161 0.0621 0.8962 0.4110 0.0107 0.0357 Egg 
mass W 8.7824 4.9201 0.0148 0.0889 8.9383 0.0096 0.0370 0.5331 0.2445 0.0064 0.0212 
D 3.1449 0.5285 0.0285 0.2178 8.5313 0.0317 0.0452 3.3864 2.8332 0.0355 0.0610 Gills  
W 14.4657 0.1149 0.0062 0.0474 1.8547 0.0069 0.0098 0.7362 0.6159 0.0077 0.0133 
D 4.8459 1.5064 0.0091 0.3067 1.2526 0.0238 0.0036 2.6559 1.1577 0.0289 0.0028 Jaw W 16.2942 0.4480 0.0027 0.0912 0.3725 0.0071 0.0011 0.7899 0.3443 0.0086 0.0008 
D 0.7963 0.2805 0.2342 0.1890 0.4088 0.1645 0.1503 0.4652 0.8703 0.2036 0.0251 Lens W 1.7878 0.1250 0.1043 0.0842 0.1821 0.0733 0.0670 0.2072 0.3876 0.0907 0.0112 
D 1.2432 6.0811 0.1199 0.7754 10.1110 0.0915 0.1509 8.8642 1.2379 0.0556 0.1701 Muscle W 5.9287 1.2752 0.0251 0.1626 2.1202 0.0192 0.0316 1.8588 0.2596 0.0117 0.0357 
D 2.7239 0.4842 0.0588 0.0344 0.7970 0.0434 0.0021 0.3366 3.2710 0.0564 0.0727 Spleen 
W 11.7009 0.1127 0.0137 0.0080 0.1855 0.0101 0.0005 0.0784 0.7615 0.0131 0.0169 
D 0.2169 1.1282 0.8492 0.6478 19.6588 0.5445 0.4311 2.0267 4.0341 0.6634 2.0761 
54 
Stomach 
W 0.9687 0.2526 0.1902 0.1450 4.4018 0.1219 0.0965 0.4538 0.9033 0.1485 0.4648 
D 4.0751 1.2167 0.0347 0.2302 0.4500 0.0034 0.0174 0.8653 1.3791 0.0134 0.0915 Cartilage W 13.3763 0.3707 0.0106 0.0701 0.1371 0.0010 0.0053 0.2636 0.4201 0.0041 0.0279 
D 4.5177 0.1383 0.0327 0.0348 0.4578 0.0008 0.0727 0.7911 0.6244 0.0108 0.0103 Egg 
mass W 7.4713 0.0837 0.0198 0.0210 0.2768 0.0005 0.0440 0.4784 0.3776 0.0065 0.0062 
D 3.3718 1.0392 0.0569 0.3553 6.8687 0.0053 0.0645 3.2742 2.3281 0.0308 0.0612 Gills  
W 15.1270 0.2316 0.0127 0.0792 1.5310 0.0012 0.0144 0.7298 0.5189 0.0069 0.0136 
D 4.1556 0.7939 0.0362 0.2548 0.9837 0.0006 0.0291 1.5040 0.5778 0.0122 0.0247 Jaw 
W 15.6850 0.2103 0.0096 0.0675 0.2606 0.0002 0.0077 0.3985 0.1531 0.0032 0.0065 
D 0.9265 2.7080 0.1492 0.0822 0.7717 0.0009 0.0402 0.1634 2.0766 0.0481 0.0638 Lens 
W 2.0135 1.2461 0.0686 0.0378 0.3551 0.0004 0.0185 0.0752 0.9556 0.0222 0.0294 
D 4.4616 1.3314 0.0436 0.0926 4.3886 0.0052 0.1336 0.8161 1.0884 0.2212 0.1157 Liver W 6.3123 0.9410 0.0308 0.0654 3.1019 0.0037 0.0944 0.5768 0.7693 0.1564 0.0817 
D 1.6192 0.6466 0.0899 0.2233 4.0514 0.0000 0.1652 3.5141 1.0437 0.2573 0.0695 Muscle W 6.8746 0.1523 0.0212 0.0526 0.9542 0.0000 0.0389 0.8277 0.2458 0.0606 0.0164 
D 3.6184 0.2239 0.0483 0.0329 0.5790 0.0019 0.0238 0.3341 2.0534 0.0138 0.1239 Pup 
W 13.8480 0.0585 0.0126 0.0086 0.1513 0.0005 0.0062 0.0873 0.5365 0.0036 0.0324 
D 2.1588 0.4155 0.0928 0.0970 5.1603 0.0021 0.0706 0.2386 0.1963 0.0206 0.2492 
57 
Spleen W 4.0870 0.2195 0.0490 0.0512 2.7257 0.0011 0.0373 0.1260 0.1037 0.0109 0.1316 
D 0.3867 0.8684 0.3320 0.2048 7.0132 0.0065 0.1541 2.6894 1.5180 0.1381 0.4383 Stomach 
W 1.1663 0.2879 0.1101 0.0679 2.3253 0.0021 0.0511 0.8917 0.5033 0.0458 0.1453 
D 6.4573 1.3504 0.0036 0.4480 0.5284 0.0096 0.0109 1.9250 1.7577 0.0112 0.0030 Cartilage W 16.9331 0.5150 0.0014 0.1708 0.2015 0.0037 0.0042 0.7341 0.6703 0.0043 0.0011 
D 3.5233 0.2952 0.0123 0.0117 1.2468 0.0183 0.0748 1.2088 0.7431 0.0253 0.0048 Egg 
mass W 4.3133 0.2411 0.0101 0.0096 1.0185 0.0150 0.0611 0.9874 0.6070 0.0207 0.0039 
D 5.3127 0.2530 0.0102 0.0440 2.5561 0.0107 0.0021 4.5871 0.2432 0.0146 0.2144 Gills  W 20.2506 0.0664 0.0027 0.0116 0.6706 0.0028 0.0006 1.2034 0.0638 0.0038 0.0562 
D 1.6912 12.7956 0.0177 0.7811 2.1026 0.0368 0.0210 4.0445 2.0069 0.0584 0.1400 Jaw 
W 4.6155 4.6885 0.0065 0.2862 0.7704 0.0135 0.0077 1.4820 0.7353 0.0214 0.0513 
D 1.1163 0.7113 0.0555 0.1215 0.7408 0.0572 0.0566 0.3229 1.8463 0.0927 0.1079 Lens 
W 2.0703 0.3835 0.0299 0.0655 0.3995 0.0309 0.0305 0.1741 0.9955 0.0500 0.0582 
D 3.2597 3.0248 0.0011 0.1285 13.4614 0.0084 0.6160 2.2119 2.4818 1.9266 0.0342 Liver W 4.8054 2.0519 0.0007 0.0872 9.1314 0.0057 0.4179 1.5004 1.6835 1.3069 0.0232 
D 1.9118 3.0861 0.0276 0.0936 9.7918 0.0267 0.2280 2.7670 2.1943 0.0467 0.0007 Muscle W 10.1256 0.5827 0.0052 0.0177 1.8488 0.0050 0.0430 0.5224 0.4143 0.0088 0.0001 
D 4.7301 0.5514 0.0098 0.0238 0.2865 0.0130 0.0054 0.3736 0.3550 0.0210 0.0034 Pup 
W 16.8965 0.1544 0.0027 0.0067 0.0802 0.0036 0.0015 0.1046 0.0994 0.0059 0.0010 
D 2.9147 0.5493 0.0122 0.0315 0.7689 0.0216 0.1303 0.9198 0.3915 0.0332 0.0008 Spleen 
W 6.5688 0.2437 0.0054 0.0140 0.3412 0.0096 0.0578 0.4081 0.1737 0.0148 0.0003 
D 0.3033 3.1322 0.1866 0.4138 31.2892 0.2061 0.1632 2.9740 3.6993 0.2720 0.4253 
 
58 
Stomach W 1.1151 0.8519 0.0508 0.1125 8.5104 0.0560 0.0444 0.8089 1.0062 0.0740 0.1157 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al  Cr Mn Fe Co Cu Zn As Cd Pb 
D 11.1244 6.9397 0.2317 0.2939 16.9987 0.0673 0.6391 11.1557 1.6918 0.0423 0.5960 59 Pup 
W 33.7570 2.2869 0.0764 0.0969 5.6018 0.0222 0.2106 3.6763 0.5575 0.0139 0.1964 
D 0.5416 1.2629 0.4431 0.1089 2.7548 0.3877 0.0849 1.4032 3.6540 0.0166 2.1344 
Cartilage W 2.1715 0.3150 0.1105 0.0272 0.6871 0.0967 0.0212 0.3500 0.9114 0.0041 0.5324 
D 0.6868 1.8273 0.3873 0.3043 45.2970 2.2175 0.1441 2.5218 2.5670 0.0713 1.2930 
Gills  W 3.6060 0.3480 0.0738 0.0580 8.6273 0.4224 0.0275 0.4803 0.4889 0.0136 0.2463 
D 0.4175 0.6395 1.0874 1.2719 19.0659 2.5461 0.8144 3.1090 2.4982 0.8479 4.9198 
Jaw W 1.5913 0.1678 0.2853 0.3337 5.0022 0.6680 0.2137 0.8157 0.6554 0.2225 1.2908 
D 0.0932 5.0966 6.7167 2.5215 18.5622 4.2060 2.3712 6.7597 7.3605 6.2768 3.0043 
Lens W 0.5765 0.8239 1.0859 0.4076 3.0009 0.6800 0.3833 1.0928 1.1899 1.0147 0.4857 
D 2.5791 0.3331 0.0675 0.0504 3.5516 0.1601 0.0838 0.8546 2.2721 0.2113 0.2175 Liver W 6.8190 0.1260 0.0255 0.0191 1.3433 0.0606 0.0317 0.3232 0.8594 0.0799 0.0823 
D 7.7185 2.1585 0.0001 0.0329 5.6578 0.2546 0.0 556 1.4653 1.9784 0.0145 0.0161 
Muscle W 30.3532 0.5489 0.0000 0.0084 1.4387 0.0647 0.0141 0.3726 0.5031 0.0037 0.0041 
D 0.1238 2.2698 3.4168 0.1939 22.2132 1.3732 0.3231 4.3780 5.9612 2.7948 2.8837 
Spleen W 0.7313 0.3842 0.5784 0.0328 3.7604 0.2325 0.0547 0.7411 1.0092 0.4731 0.4882 
D 0.8054 0.5252 0.3390 0.0621 44.0154 2.2535 0.1055 3.1289 3.0258 0.8443 0.2843 
60 
Stomach W 7.6996 0.0549 0.0355 0.0065 4.6041 0.2357 0.0110 0.3273 0.3165 0.0883 0.0297 
D 0.5374 0.4468 0.0093 0.9057 4.8362 0.3 119 0.0221 3.6993 4.1143 0.0240 2.5344 
Cartilage
W 2.1369 0.1124 0.0023 0.2278 1.2162 0.0784 0.0056 0.9303 1.0347 0.0060 0.6374 
D 1.2481 0.8950 0.0170 0.1166 4.0942 0.1662 0.0040 1.9181 0.8229 0.0385 0.0965 Gills  
W 7.5280 0.1484 0.0028 0.0193 0.6788 0.0276 0.0007 0.3180 0.1364 0.0064 0.0160 
D 0.4636 2.2045 0.0548 0.7856 7.8279 0.4267 0.0492 6.9974 1.6178 0.1331 1.2856 
Jaw W 1.9383 0.5273 0.0131 0.1879 1.8723 0.1020 0.0118 1.6736 0.3869 0.0318 0.3075 
D 0.0652 2.2055 0.4187 0.6304 39.8466 2.5000 1.0 736 22.9755 0.0675 1.3052 5.5215 
Lens 
W 0.2954 0.4868 0.0924 0.1391 8.7949 0.5518 0.2370 5.0711 0.0149 0.2881 1.2187 
D 2.3735 0.5191 0.0024 0.0688 4.3986 0.1604 0.1784 1.3512 3.9520 0.1126 0.0004 
Liver 
W 5.3721 0.2293 0.0010 0.0304 1.9434 0.0709 0.0788 0.5970 1.7461 0.0497 0.0002 
D 7.5280 0.8621 0.0014 0.0713 2.8108 0.0849 0.0741 1.0135 0.8289 0.1404 0.0744 Muscle 
W 26.0337 0.2493 0.0004 0.0206 0.8128 0.0245 0.0214 0.2931 0.2397 0.0406 0.0215 
D 6.7157 1.1942 0.0208 0.1666 4.4359 0.1572 0.1501 2.4271 2.5731 0.0815 0.1558 Spleen 
W 28.7762 0.2787 0.0049 0.0389 1.0352 0.0367 0.0350 0.5664 0.6005 0.0190 0.0363 
D 0.1142 0.1147 0.5342 0.5841 24.6848 6.2084 4.8511 5.6042 54.7285 0.5184 13.4151
61 
Stomach W 0.3408 0.0384 0.1790 0.1957 8.2717 2.0804 1.6 256 1.8779 18.3392 0.1737 4.4953 
D 1.1219 0.6043 0.0398 0.3525 3.9433 0.1629 0.0629 1.6588 3.4379 0.0914 2.9922 
Cartilage W 4.3230 0.1568 0.0103 0.0915 1.0234 0.0423 0.0163 0.4305 0.8922 0.0237 0.7765 
D 0.6777 1.5125 0.0788 0.3828 14.3721 0.5685 0.2171 5.1985 4.7632 0.1719 3.4809 
Gills  W 4.5946 0.2231 0.0116 0.0565 2.1199 0.0839 0.0320 0.7668 0.7026 0.0254 0.5134 
D 1.0755 0.7029 0.0703 0.4470 5.6625 0.2094 0.0846 3.9386 1.5370 0.0525 3.8512 
Jaw W 4.1776 0.1810 0.0181 0.1151 1.4578 0.0539 0.0218 1.0140 0.3957 0.0135 0.9915 
D 5.2153 0.7919 0.0594 0.1093 1.9596 0.0920 0.1822 0.4046 0.7133 0.1707 0.9568 Liver W 8.9346 0.4622 0.0347 0.0638 1.1439 0.0537 0.1063 0.2362 0.4164 0.0996 0.5585 
D 2.9131 35.5292 0.1970 0.7518 55.8855 2.6020 0.4902 5.6812 3.3298 0.7689 1.7679 
Muscle W 16.9256 6.1150 0.0339 0.1294 9.6186 0.4478 0.0844 0.9778 0.5731 0.1323 0.3043 
D 5.1647 1.8104 0.0262 0.0962 4.7263 0.1890 0.0880 1.4502 1.7716 0.0386 0.8535 
Spleen W 17.5296 0.5334 0.0077 0.0283 1.3925 0.0557 0.0259 0.4273 0.5220 0.0114 0.2515 
D 0.1950 2.0010 0.2446 0.4354 29.2821 1.2287 0.3431 9.8667 5.7692 7.1692 9.4051 
62 
Stomach W 0.8797 0.4436 0.0542 0.0965 6.4908 0.2724 0.0760 2.1871 1.2788 1.5892 2.0848 
D 2.0146 0.4879 0.0109 0.6741 2.7003 0.1040 0.0495 2.0203 8.0463 0.0893 0.2899 Cartilage
W 6.7230 0.1462 0.0033 0.2020 0.8092 0.0312 0.0148 0.6054 2.4111 0.0268 0.0869 
D 1.0641 0.5751 0.0080 0.3965 12.2451 0.4684 0.1640 5.6104 10.7415 0.1446 0.9031 Gills  
W 5.2772 0.1160 0.0016 0.0799 2.4691 0.0944 0.0331 1.1313 2.1659 0.0292 0.1821 
D 0.8150 5.9742 0.8307 1.4319 58.9939 0.8528 3.5166 48.8712 94.6012 2.3865 0.4969 
Gonads W 3.6608 1.3300 0.1849 0.3188 13.1337 0.1898 0.7829 10.8801 21.0610 0.5313 0.1106 
D 1.5900 1.4774 0.0075 0.5893 4.5597 0.1794 0.0552 3.6289 3.4528 0.0041 0.9189 
Jaw 
W 5.6928 0.4126 0.0021 0.1646 1.2735 0.0501 0.0154 1.0136 0.9644 0.0011 0.2566 
D 0.3622 0.6071 0.1469 0.1195 5.2209 0.3711 0.1836 1.4992 1.9851 0.2151 1.1430 
Lens 
W 0.7265 0.3027 0.0732 0.0596 2.6029 0.1 850 0.0915 0.7474 0.9897 0.1072 0.5699 
D 6.4544 0.0744 0.0015 0.0077 0.5438 0.0170 0.0124 0.1735 0.7065 0.0139 0.0434 Liver 
W 14.7047 0.0326 0.0007 0.0034 0.2387 0.0075 0.0054 0.0762 0.3101 0.0061 0.0190 
D 0.2252 2.5266 0.1656 0.1359 26.5986 1.1590 0.2020 8.3082 14.8446 0.2789 4.2052 
Muscle W 1.2217 0.4657 0.0305 0.0250 4.9030 0.2136 0.0372 1.5315 2.7364 0.0514 0.7751 
D 5.3364 1.6303 0.0031 0.0606 1.8477 0.0715 0.0363 0.9180 2.1850 0.0287 0.1094 
63 
Spleen 
W 29.0973 0.2990 0.0006 0.0111 0.3389 0.0131 0.0067 0.1684 0.4007 0.0053 0.0201 
 
 301 
Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As  Cd Pb 
D 0.6907 0.6876 0.4894 1.0873 10.9020 0.7326 0.4329 5.1658 0.7529 1.0439 0.0463 Cartilage
W 2.6062 0.1822 0.1297 0.2882 2.8893 0.1942 0.1147 1.3690 0.1995 0.2766 0.0123 
D 0.6594 2.2657 0.3702 0.7931 29.9970 0.2222 0.3864 5.4095 6.1495 0.2756 0.2031 
Gills  W 3.1690 0.4714 0.0770 0.1650 6.2417 0.0462 0.0804 1.1256 1.2796 0.0573 0.0423 
D 0.6798 0.7723 0.4940 1.7638 21.1680 0.3776 1.6064 8.8703 1.9388 0.5200 0.0177 
Jaw W 2.9155 0.1801 0.1152 0.4113 4.9357 0.0880 0.3745 2.0683 0.4521 0.1212 0.0041 
D 4.7655 1.9662 0.0900 0.1578 7.0297 0.0029 0.1874 1.2695 4.7235 0.1996 0.0029 
Liver W 12.8830 0.7273 0.0333 0.0584 2.6003 0.0011 0.0693 0.4696 1.7473 0.0738 0.0011 
D 2.3326 51.6591 0.3503 1.4109 74.9378 0.0851 0.6594 8.9171 6.2334 1.2497 0.5522 
Muscle W 12.9420 9.3108 0.0631 0.2543 13.5064 0.0153 0.1188 1.6072 1.1235 0.2252 0.0995 
D 5.2694 2.7422 0.0666 0.2353 8.6310 0.0294 0.1835 0.1423 1.8959 0.0745 0.1184 Spleen W 20.1577 0.7168 0.0174 0.0615 2.2562 0.0077 0.0480 0.0372 0.4956 0.0195 0.0310 
D 0.1689 2.4719 1.6578 2.3304 28.0107 1.2937 1.7809 8.4133 10.1243 2.1350 0.9041 
64 
Stomach W 0.8322 0.5017 0.3365 0.4730 5.6849 0.2626 0.3615 1.7075 2.0548 0.4333 0.1835 
D 1.3833 0.0314 0.0412 0.3643 2.3545 0.0756 0.0873 1.6294 7.0773 0.1715 3.3883 
Cartilage W 5.3657 0.0081 0.0106 0.0939 0.6070 0.0195 0.0225 0.4201 1.8246 0.0442 0.8735 
D 0.8306 1.8661 0.0811 0.3606 19.7207 0.6044 0.2044 4.6942 7.2959 0.2139 3.5228 
Gills  W 4.0740 0.3805 0.0165 0.0735 4.0206 0.1232 0.0417 0.9570 1.4875 0.0436 0.7182 
D 1.1343 0.6453 0.0494 0.3947 5.8715 0.1458 0.0783 2.9040 2.6536 0.0707 4.0615 
Jaw 
W 4.6392 0.1578 0.0121 0.0965 1.4356 0.0357 0.0191 0.7100 0.6488 0.0173 0.9931 
D 0.1639 1.5662 0.1440 0.1599 6.0098 0.2617 0.0085 2.4051 0.7889 0.0952 11.7511 Lens 
W 0.3498 0.7338 0.0675 0.0749 2.8159 0.1226 0.0040 1.1269 0.3696 0.0446 5.5060 
D 5.3437 0.2002 0.0150 0.1160 1.0798 0.0954 0.1142 0.6662 0.4866 0.1310 0.5595 
Liver W 15.1853 0.0705 0.0053 0.0408 0.3800 0.0336 0.0402 0.2344 0.1712 0.0461 0.1969 
D 4.2937 3.9942 0.0281 0.3566 10.8811 0.4295 0.8335 5.2239 4.4507 1.1256 0.9153 
Muscle 
W 25.4728 0.6733 0.0047 0.0601 1.8341 0.0724 0.1405 0.8805 0.7502 0.1897 0.1543 
D 5.3031 1.5350 0.0369 0.1130 4.4144 0.1635 0.1064 1.9291 3.4074 0.1005 0.6391 
Spleen 
W 58.7028 0.1387 0.0033 0.0102 0.3988 0.0148 0.0096 0.1743 0.3078 0.0091 0.0577 
D 0.2781 2.4308 0.1884 0.3427 17.7814 0.6501 0.3118 7.7490 7.8785 0.6293 8.1410 
65 
Stomach 
W 1.2390 0.5456 0.0423 0.0769 3.9911 0.1459 0.0700 1.7393 1.7684 0.1412 1.8273 
D 0.6245 1.4363 0.0512 0.5294 4.3571 0.4259 0.0080 2.9768 9.7038 0.0211 3.2762 Cartilage
W 2.3791 0.3770 0.0135 0.1390 1.1437 0.1118 0.0021 0.7814 2.5472 0.0055 0.8600 
D 2.1442 0.1402 0.0123 0.1172 4.3466 0.2714 0.0410 1.9494 2.2941 0.0073 0.1806 
Gills  W 4.7729 0.0630 0.0055 0.0527 1.9527 0.1219 0.0184 0.8758 1.0306 0.0033 0.0811 
D 0.1763 5.9558 0.2836 0.1129 48.6670 3.2275 0.0528 8.4118 6.1997 0.1503 0.5377 
Jaw W 0.8572 1.2249 0.0583 0.0232 10.0093 0.6638 0.0108 1.7301 1.2751 0.0309 0.1106 
D 0.1236 1.3859 0.1699 0.2411 6.6100 0.3665 0.0663 3.8471 1.0275 0.1230 12.9854 
Lens W 0.3454 0.4959 0.0608 0.0863 2.3654 0.1312 0.0237 1.3767 0.3677 0.0440 4.6468 
D 5.4880 0.0468 0.0043 0.0048 0.1795 0.0078 0.0003 0.0718 0.0236 0.0028 0.3509 
Liver W 8.2812 0.0310 0.0028 0.0032 0.1189 0.0052 0.0002 0.0476 0.0156 0.0019 0.2326 
D 1.9261 1.0249 0.0327 0.3598 7.8916 0.4714 0.2521 4.9063 3.5616 0.2928 0.6620 Muscle W 9.6404 0.2048 0.0065 0.0719 1.5767 0.0942 0.0504 0.9802 0.7116 0.0585 0.1323 
D 5.4937 0.5572 0.0173 0.0702 1.5236 0.0622 0.0785 0.9138 2.5065 0.0481 0.7110 
Spleen W 39.3569 0.0778 0.0024 0.0098 0.2127 0.0087 0.0110 0.1276 0.3499 0.0067 0.0992 
D 0.4214 2.8097 0.0510 0.1011 5.9635 0.2795 0.0667 1.7015 1.2221 0.0645 3.6996 
67 
Stomach W 2.6942 0.4395 0.0080 0.0158 0.9327 0.0437 0.0104 0.2661 0.1912 0.0101 0.5787 
D 1.3627 1.5579 0.1565 0.4271 3.8526 0.1051 0.1972 2.7108 6.7660 0.1247 0.0884 
Cartilage W 5.1612 0.4113 0.0413 0.1128 1.0172 0.0277 0.0521 0.7157 1.7864 0.0329 0.0233 
D 0.7286 1.2586 0.2837 0.3762 9.5114 0.2063 0.3516 3.9391 5.3953 0.2354 0.0401 Gills  
W 3.7138 0.2469 0.0557 0.0738 1.8660 0.0405 0.0690 0.7728 1.0585 0.0462 0.0079 
D 0.9283 3.5333 0.2404 0.4499 6.1833 0.1580 0.2512 4.4738 2.6220 0.1553 0.0311 Jaw 
W 3.6775 0.8919 0.0607 0.1136 1.5608 0.0399 0.0634 1.1293 0.6619 0.0392 0.0079 
D 0.0667 4.5142 2.8951 1.9595 68.0360 2.1409 2.1619 17.9910 3.2264 1.9400 1.2324 
Lens W 0.1220 2.4680 1.5828 1.0713 37.1967 1.1705 1.1820 9.8361 1.7639 1.0607 0.6738 
D 5.9284 0.5403 0.0826 0.1149 5.1414 0.0269 0.2272 1.5384 4.6252 0.1823 0.0547 
Liver 
W 11.1202 0.2880 0.0440 0.0612 2.7410 0.0143 0.1211 0.8201 2.4658 0.0972 0.0291 
D 2.7637 16.1993 0.2066 0.4812 29.7789 0.0636 0.5692 3.4266 7.3127 0.7001 0.1495 
Muscle 
W 15.5387 2.8812 0.0367 0.0856 5.2965 0.0113 0.1012 0.6094 1.3006 0.1245 0.0266 
D 5.0755 1.2019 0.0902 0.1184 3.8006 0.0298 0.1769 2.2500 4.9059 0.0442 0.0688 Spleen 
W 18.3520 0.3324 0.0249 0.0327 1.0511 0.0082 0.0489 0.6223 1.3568 0.0122 0.0190 
D 0.1998 2.3849 0.9169 0.8849 38.4384 0.7112 1.0380 9.3944 9.7297 0.9740 0.4469 
68 
Stomach W 1.0137 0.4701 0.1807 0.1744 7.5762 0.1402 0.2046 1.8516 1.9177 0.1920 0.0881 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr  Mn Fe  Co Cu Zn As Cd Pb 
D 1.1258 0.3235 0.0648 0.4090 4.7078 0.1656 0.0901 2.1531 7.4702 0.1464 3.7005 Cartilage
W 4.2646 0.0854 0.0171 0.1080 1.2428 0.0437 0.0238 0.5684 1.9720 0.0386 0.9769 
Gills  D 0.7113 1.3749 0.0770 0.2955 9.7005 0.2713 0.1466 5.7599 4.5522 0.1239 3.3080 
 W 3.6157 0.2705 0.0152 0.0581 1.9083 0.0534 0.0288 1.1331 0.8955 0.0244 0.6508 
D 1.1021 3.2493 0.0592 0.4664 9.7450 0.3251 0.0909 3.7374 2.2929 0.0556 4.2528 
Jaw W 4.4697 0.8012 0.0146 0.1150 2.4028 0.0802 0.0224 0.9215 0.5654 0.0137 1.0486 
D 0.1164 0.2010 0.2216 0.2174 7.2509 0.3488 0.0223 3.3325 0.8746 0.1624 14.3041 
Lens W 0.2720 0.0860 0.0949 0.0930 3.1029 0.1493 0.0096 1.4261 0.3743 0.0695 6.1213 
D 4.8514 0.6534 0.0639 0.1175 1.9005 0.0989 0.1958 0.4844 0.6143 0.1835 0.7606 
Liver W 10.6256 0.2983 0.0292 0.0536 0.8677 0.0452 0.0894 0.2212 0.2805 0.0838 0.3473 
D 2.3377 32.3395 0.1779 0.4757 50.8192 1.6794 0.3983 4.7183 4.7397 0.3888 1.7205 Muscle W 12.1454 6.2246 0.0342 0.0916 9.7815 0.3232 0.0767 0.9082 0.9123 0.0748 0.3312 
D 5.4226 1.2042 0.0888 0.0906 4.4646 0.1783 0.0806 1.6099 2.0488 0.0495 0.5977 
Spleen W 22.2592 0.2934 0.0216 0.0221 1.0876 0.0434 0.0196 0.3922 0.4991 0.0120 0.1456 
D 0.2741 1.0175 0.1850 0.2174 20.1386 0.7702 0.2525 6.8406 7.2674 0.2360 7.2236 
69 
Stomach W 1.2769 0.2184 0.0397 0.0467 4.3230 0.1653 0.0542 1.4684 1.5600 0.0507 1.5506 
D 0.7515 0.7651 0.4939 1.6993 7.1324 0.3315 0.6428 11.5103 16.0878 0.7425 1.4504 
Cartilage W 2.8682 0.2005 0.1294 0.4452 1.8688 0.0868 0.1684 3.0158 4.2152 0.1945 0.3800 
D 0.7616 2.8506 0.5462 1.1502 24.0678 0.3013 0.7090 7.6418 10.6880 0.7156 9.6639 
Gills  
W 3.7645 0.5767 0.1105 0.2327 4.8692 0.0610 0.1434 1.5460 2.1623 0.1448 1.9551 
D 4.6515 0.3833 0.0695 0.2038 1.5285 0.0513 0.0776 1.3415 0.6172 0.0711 1.7027 Jaw 
W 19.9451 0.0894 0.0162 0.0475 0.3565 0.0120 0.0181 0.3129 0.1439 0.0166 0.3971 
D 0.1739 6.6475 1.6153 2.0052 18.0046 1.3013 1.4796 18.7924 2.1064 1.6665 22.6107 
Lens W 0.3827 3.0206 0.7340 0.9112 8.1813 0.5913 0.6723 8.5393 0.9571 0.7573 10.2744 
D 3.7220 0.6566 0.1236 0.0506 4.0220 0.0375 0.2466 1.6282 0.6784 0.2394 0.2821 
Liver 
W 6.7885 0.3600 0.0678 0.0277 2.2052 0.0206 0.1352 0.8927 0.3720 0.1313 0.1547 
D 2.9644 30.0229 0.2705 0.6406 53.7377 0.0641 0.5219 7.4518 2.1455 1.0859 0.3454 
Muscle 
W 16.2057 5.4919 0.0495 0.1172 9.8299 0.0117 0.0955 1.3631 0.3925 0.1986 0.0632 
D 5.0070 2.8041 0.0663 0.1 616 5.5802 0.0305 0.1478 2.8979 3.9824 0.0713 0.0843 Spleen 
W 16.3250 0.8600 0.0203 0.0496 1.7115 0.0093 0.0453 0.8888 1.2214 0.0219 0.0259 
D 0.1036 9.7683 2.7780 4.6573 151.6409 2.1911 2.7983 30.5019 10.3282 3.1014 42.5676 
70 
Stomach 
W 0.5386 1.8789 0.5343 0.8958 29.1682 0.4215 0.5382 5.8671 1.9866 0.5965 8.1879 
D 5.3341 0.1417 0.0010 0.2825 1.7323 0.0662 0.0369 1.0855 3.7026 0.0410 0.1369 
Cartilage W 2.8682 0.2005 0.1294 0.4452 1.8688 0.0868 0.1684 3.0158 4.2152 0.1945 0.3800 
D 5.3632 1.5780 0.1819 6.9986 1.4935 0.1060 0.2252 0.3475 0.3095 0.1312 0.1033 Egg 
mass W 10.2361 0.8268 0.0953 3.6669 0.7825 0.0555 0.1180 0.1821 0.1622 0.0687 0.0541 
D 3.3617 0.1809 0.0022 0.2237 5.3247 0.1687 0.0724 2.5939 3.2573 0.0374 0.2347 
Gills  W 9.4433 0.0644 0.0008 0.0796 1.8955 0.0600 0.0258 0.9234 1.1596 0.0133 0.0836 
D 0.4163 2.9498 0.0156 0.1203 10.7423 0.5114 0.1775 6.1686 5.8059 0.0271 0.4694 
Gonads W 1.3692 0.8969 0.0047 0.0366 3.2661 0.1555 0.0540 1.8755 1.7653 0.0083 0.1427 
2.8459 0.1351 0.0012 0.4596 2.7092 0.1122 0.0584 2.7127 2.8813 0.0146 0.4912 D 4.2482 0.3783 0.0074 0.2921 2.9613 0.1017 0.0455 1.9867 1.6572 0.0060 0.3543 
10.2719 0.0374 0.0003 0.1273 0.7506 0.0311 0.0162 0.7516 0.7983 0.0040 0.1361 
Jaw 
W 10.8766 0.1477 0.0029 0.1141 1.1566 0.0397 0.0178 0.7760 0.6473 0.0023 0.1384 
D 6.6998 0.3722 0.0052 0.0705 7.1584 0.2681 0.1406 1.2881 1.9956 0.1700 0.3014 
Liver W 29.6837 0.0840 0.0012 0.0159 1.6157 0.0605 0.0317 0.2907 0.4504 0.0384 0.0680 
D 5.0328 10.5508 0.0183 0.5603 14.9022 0.4057 0.0606 4.1170 0.4214 0.0789 0.1397 
Muscle W 16.1878 3.2802 0.0057 0.1742 4.6331 0.1261 0.0188 1.2800 0.1310 0.0245 0.0434 
D 4.9457 0.8531 0.0042 0.0269 2.2949 0.0914 0.0262 0.6925 1.6742 0.0074 0.1256 Spleen 
W 9.0060 0.4685 0.0023 0.0 148 1.2603 0.0502 0.0144 0.3803 0.9194 0.0040 0.0690 
D 0.6785 0.3525 0.0707 0.0893 14.3257 0.4942 0.1039 6.1002 3.9219 0.0043 3.2955 
72 
Stomach 
W 2.4389 0.0981 0.0197 0.0248 3.9854 0.1375 0.0289 1.6971 1.0911 0.0012 0.9168 
D 2.2467 19.1036 0.0889 120.5768 5.1542 0.0275 0.1157 1.9571 2.8264 0.0163 0.0551 
Cartilage W 7.3687 5.8246 0.0271 36.7636 1.5715 0.0084 0.0353 0.5967 0.8618 0.0050 0.0168 
D 2.7482 13.5034 0.0427 72.3019 8.1569 0.0323 0.1066 2.4756 2.7084 0.0033 0.0639 
Gills  
W 12.2931 3.0188 0.0096 16.1635 1.8235 0.0072 0.0238 0.5534 0.6055 0.0007 0.0143 
D 2.0494 38.8406 0.0656 126.7688 2.7325 0.0253 0.1074 3.3180 1.0610 0.0528 0.1382 
Jaw 
W 6.3570 12.5216 0.0212 40.8683 0.8809 0.0082 0.0346 1.0697 0.3420 0.0170 0.0446 
D 0.2626 23.5212 0.2928 26.4661 5.3453 0.1719 0.1644 2.7621 0.5449 0.3596 1.8071 Lens 
W 0.4470 13.8180 0.1720 15.5481 3.1402 0.1010 0.0966 1.6227 0.3201 0.2113 1.0616 
D 3.3893 1.3999 0.0183 2.5964 0.7471 0.0134 0.0169 0.0823 0.0999 0.0205 0.0017 
Liver W 5.2042 0.9117 0.0119 1.6909 0.4865 0.0087 0.0110 0.0536 0.0651 0.0134 0.0011 
D 4.2783 242.6197 0.3340 212.2338 36.2527 0.1466 0.5233 3.9595 2.1340 0.1858 1.0670 
Muscle 
W 19.1349 54.2464 0.0747 47.4526 8.1056 0.0328 0.1170 0.8853 0.4771 0.0415 0.2386 
D 2.7818 3.5349 0.0301 24.6243 1.2952 0.0171 0.1168 0.6046 3.9687 0.0158 0.0202 
Spleen W 11.0756 0.8878 0.0076 6.1848 0.3253 0.0043 0.0293 0.1519 0.9968 0.0040 0.0051 
D 0.1646 163.5480 0.4380 91.9198 23.7060 0.3001 0.2959 5.7837 4.5079 0.1875 0.6051 
73 
Stomach W 0.7038 38.2495 0.1024 21.4976 5.5442 0.0702 0.0692 1.3527 1.0543 0.0438 0.1415 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As Cd Pb 
D 2.6903 0.6654 0.0015 0.0645 1.1233 0.0340 0.0931 0.6903 0.1674 0.0323 0.0577 Cartilage
W 6.8741 0.2604 0.0006 0.0253 0.4396 0.0133 0.0365 0.2701 0.0655 0.0127 0.0226 
D 0.3352 7.7416 0.0570 0.7267 33.4427 0.2766 0.6885 8.5382 0.7431 0.8631 0.7757 
Gills  W 1.6305 1.5915 0.0117 0.1494 6.8752 0.0569 0.1416 1.7553 0.1528 0.1774 0.1595 
D 0.2347 5.1555 0.1014 0.7546 13.0166 0.3992 0.9046 7.8057 0.6191 0.3660 0.0562 
Jaw W 1.0755 1.1251 0.0221 0.1647 2.8405 0.0871 0.1974 1.7034 0.1351 0.0799 0.0123 
D 0.1408 3.1783 0.2550 0.9631 7.0526 0.6676 1.1399 4.4318 2.7294 0.6257 0.3672 
Lens W 0.2694 1.6611 0.1333 0.5033 3.6860 0.3489 0.5958 2.3163 1.4265 0.3270 0.1919 
D 1.6778 0.8016 0.0159 0.1129 2.2732 0.0535 0.8589 1.1283 4.7145 0.0488 0.0087 
Liver W 2.9000 0.4638 0.0092 0.0653 1.3152 0.0309 0.4969 0.6528 2.7276 0.0282 0.0050 
D 1.4197 0.8826 0.0225 0.1107 1.5940 0.0662 0.2584 1.8835 0.5769 0.0437 0.2038 Muscle W 2.3334 0.5370 0.0137 0.0673 0.9698 0.0403 0.1572 1.1460 0.3510 0.0266 0.1240 
D 5.2880 1.2027 0.0400 0.1309 10.6089 0.0159 0.4431 2.7175 0.5361 0.0123 0.0616 
Spleen W 11.8505 0.5367 0.0179 0.0584 4.7340 0.0071 0.1977 1.2126 0.2392 0.0055 0.0275 
D 0.3853 5.1103 0.0301 0.4596 19.4394 0.2341 0.7083 7.8796 11.4716 0.0732 0.0265 
74 
Stomach W 1.6192 1.2160 0.0072 0.1094 4.6257 0.0557 0.1685 1.8750 2.7297 0.0174 0.0063 
D 0.3038 0.9128 0.1090 0.0951 8.1435 0.3591 0.0500 6.2212 0.7222 0.2633 0.1422 
Cartilage W 1.1998 0.2311 0.0276 0.0241 2.0620 0.0909 0.0127 1.5753 0.1829 0.0667 0.0360 
D 0.2621 2.5601 0.1415 0.0626 16.1694 0.6219 0.0465 8.6379 1.2797 0.2888 1.5273 
Gills  
W 1.5255 0.4399 0.0243 0.0108 2.7781 0.1069 0.0080 1.4841 0.2199 0.0496 0.2624 
D 0.2196 1.7359 0.4372 0.1034 15.4964 0.6330 0.0597 9.4353 0.8843 0.3775 0.7969 Jaw 
W 1.0708 0.3560 0.0897 0.0212 3.1780 0.1298 0.0122 1.9350 0.1814 0.0774 0.1634 
D 0.0381 6.4331 1.4462 0.4226 84.6719 3.5459 1.6299 42.6247 1.1601 2.2651 1.4698 
Lens W 0.1433 1.7104 0.3845 0.1124 22.5122 0.9428 0.4334 11.3329 0.3084 0.6022 0.3908 
D 1.1350 0.3990 0.0045 0.0180 6.5198 0.1162 0.9366 2.9912 4.8018 0.0147 0.3090 
Liver 
W 4.0040 0.1131 0.0013 0.0051 1.8482 0.0329 0.2655 0.8479 1.3611 0.0042 0.0876 
D 2.6831 1.0700 0.0336 0.0559 5.8477 0.1445 0.1796 3.9134 0.7681 0.0120 0.4118 
Muscle 
W 9.9900 0.2874 0.0090 0.0150 1.5706 0.0388 0.0482 1.0511 0.2063 0.0032 0.1106 
D 0.4197 0.6843 0.1158 0.0353 16.8692 0.6459 0.5890 7.9604 1.3176 0.1134 1.2676 
75 
Stomach 
W 3.2193 0.0892 0.0151 0.0046 2.1992 0.0842 0.0768 1.0378 0.1718 0.0148 0.1653 
D 0.4048 3.2115 0.5336 1.0603 5.9881 0.3528 0.4578 4.5010 6.1907 0.4180 0.2582 Cartilage
W 1.5382 0.8451 0.1404 0.2790 1.5759 0.0928 0.1205 1.1845 1.6292 0.1100 0.0679 
D 1.3538 2.9487 0.1906 0.3974 12.8379 0.1085 0.1942 5.1632 2.3482 0.1506 0.0283 
Gills  W 3.3892 1.1779 0.0761 0.1587 5.1281 0.0433 0.0776 2.0624 0.9380 0.0602 0.0113 
D 0.4077 3.9637 0.4886 1.0790 16.6789 0.3485 0.4751 6.7084 2.6343 0.3554 0.2818 
Jaw W 1.7057 0.9474 0.1168 0.2579 3.9866 0.0833 0.1136 1.6034 0.6297 0.0850 0.0674 
D 0.1397 4.0515 1.4166 1.0523 37.7237 1.0150 1.0651 4.3092 2.2362 0.9520 1.5526 
Lens W 0.4502 1.2572 0.4396 0.3265 11.7059 0.3150 0.3305 1.3372 0.6939 0.2954 0.4818 
D 1.9198 0.7657 0.2482 0.2729 6.4642 0.0796 0.4026 3.1722 5.2141 0.5193 0.1398 
Liver W 4.4235 0.3323 0.1077 0.1185 2.8055 0.0346 0.1747 1.3767 2.2629 0.2254 0.0607 
D 1.5123 28.2814 0.4053 0.9601 57.9911 0.1123 0.6150 10.6593 5.5346 1.9851 0.5118 Muscle W 8.1337 5.2584 0.0754 0.1785 10.7823 0.0209 0.1143 1.9819 1.0291 0.3691 0.0952 
D 4.5409 6.2124 0.0902 0.2411 8.5468 0.0339 0.1744 4.2855 1.6274 0.1100 0.0747 
Spleen W 18.0179 1.5657 0.0227 0.0608 2.1540 0.0085 0.0440 1.0800 0.4101 0.0277 0.0188 
D 0.1272 4.4969 1.4332 1.2170 45.9119 1.1321 1.4489 10.6289 9.1903 1.6171 0.7484 
76 
Stomach W 0.6170 0.9271 0.2955 0.2509 9.4652 0.2334 0.2987 2.1912 1.8947 0.3334 0.1543 
D 2.1838 0.4767 0.1489 0.6988 5.5866 0.1203 0.1691 3.6404 1.9356 0.1518 3.5580 
Cartilage W 8.1292 0.1281 0.0400 0.1877 1.5008 0.0323 0.0454 0.9780 0.5200 0.0408 0.9558 
D 0.6580 0.5799 0.5492 2.2188 43.3587 0.3650 0.9012 14.4377 13.7690 0.6921 7.1079 Gills  
W 5.8442 0.0653 0.0618 0.2498 4.8818 0.0411 0.1015 1.6255 1.5503 0.0779 0.8003 
D 1.0318 0.6164 0.3361 1.8376 14.4989 0.2626 0.3639 13.4231 2.0779 0.2916 6.9393 Jaw 
W 3.8160 0.1667 0.0909 0.4969 3.9203 0.0710 0.0984 3.6295 0.5618 0.0789 1.8763 
D 0.3736 58.3244 0.7993 1.0016 7.9577 0.6188 0.6981 14.8822 1.5471 0.7061 9.6012 
Lens W 0.9958 21.8819 0.2999 0.3758 2.9855 0.2322 0.2619 5.5835 0.5804 0.2649 3.6021 
D 4.6670 0.2168 0.0588 0.0789 3.2869 0.0304 0.0334 0.2998 0.2398 0.0477 0.0169 
Liver 
W 6.9203 0.1462 0.0397 0.0532 2.2167 0.0205 0.0225 0.2022 0.1617 0.0322 0.0114 
D 4.1448 2.5092 0.1086 0.6051 13.2938 0.0377 0.3491 1.3993 1.8529 0.1732 0.0004 
Muscle 
W 19.7415 0.5268 0.0228 0.1270 2.7911 0.0079 0.0733 0.2938 0.3890 0.0364 0.0001 
D 7.5288 5.7114 0.0219 0.1197 11.0243 0.0106 0.1005 1.2087 1.1901 0.0042 0.0207 Spleen 
W 21.7921 1.9732 0.0076 0.0413 3.8087 0.0037 0.0347 0.4176 0.4112 0.0015 0.0072 
D 0.2566 3.7140 1.1559 1.9030 67.8098 0.9139 1.2712 26.3835 4.7623 1.1473 13.5347 
77 
Stomach W 1.1325 0.8415 0.2619 0.4312 15.3642 0.2071 0.2880 5.9779 1.0790 0.2600 3.0667 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al Cr  Mn Fe Co Cu Zn As Cd Pb 
D 4.6062 1.1788 0.0013 0.5160 0.6370 0.0192 0.0733 1.4285 1.9821 0.0113 0.0183 Cartilage 
W 7.0041 0.7753 0.0009 0.3394 0.4189 0.0126 0.0482 0.9394 1.3035 0.0074 0.0120 
D 1.9517 0.7947 0.0051 0.7363 9.6224 0.0439 0.2208 4.4730 4.8368 0.0023 0.0722 
Gills  W 8.5797 0.1808 0.0012 0.1675 2.1889 0.0100 0.0502 1.0175 1.1003 0.0005 0.0164 
D 0.9158 4.7063 0.0710 0.1441 7.4034 0.0491 0.5984 6.2022 0.7895 0.0813 0.0144 
Gonads W 2.3316 1.8485 0.0279 0.0566 2.9079 0.0193 0.2350 2.4361 0.3101 0.0320 0.0057 
D 2.8090 1.3272 0.0067 0.6401 1.7836 0.0316 0.1073 2.7341 0.9826 0.0262 0.0791 
Jaw W 7.3172 0.5095 0.0026 0.2457 0.6847 0.0121 0.0412 1.0496 0.3772 0.0101 0.0304 
D 0.4365 0.3393 0.1029 0.3036 1.2486 0.2170 0.3851 0.8960 0.5184 0.1991 0.1592 
Lens W 1.0206 0.1451 0.0440 0.1298 0.5340 0.0928 0.1647 0.3832 0.2217 0.0851 0.0681 
D 6.6217 0.5574 0.0018 0.1163 9.8012 0.0109 0.1815 1.4075 0.0210 0.3871 0.0529 Liver  W 11.1836 0.3300 0.0011 0.0689 5.8031 0.0064 0.1075 0.8334 0.0125 0.2292 0.0313 
D 5.0987 35.8052 0.0270 1.0748 35.9072 0.0043 2.3869 14.5684 0.0607 0.3807 0.1179 
Muscle W 29.3500 6.2201 0.0047 0.1867 6.2378 0.0007 0.4147 2.5308 0.0105 0.0661 0.0205 
D 5.5384 0.5278 0.0028 0.0995 3.0460 0.0159 0.1354 1.0292 2.4231 0.0026 0.0337 
78 
Stomach W 9.7841 0.2987 0.0016 0.0563 1.7242 0.0090 0.0767 0.5826 1.3716 0.0015 0.0191 
D 2.2935 1.7188 0.0984 0.8480 5.3107 0.0627 0.1177 2.1195 6.4966 0.0719 0.0037 
Cartilage W 8.3103 0.4744 0.0272 0.2340 1.4657 0.0173 0.0325 0.5849 1.7930 0.0199 0.0010 
D 1.3022 0.3834 0.2380 0.6620 13.0625 0.1879 0.3099 9.0232 5.8900 0.3 243 3.5356 
Gills  
W 6.5201 0.0766 0.0475 0.1322 2.6089 0.0375 0.0619 1.8021 1.1764 0.0648 0.7061 
D 0.1628 18.0713 1.9060 2.5792 27.8808 1.3993 2.3292 30.8354 24.2629 2.6106 21.1364 Gonads 
W 0.8573 3.4317 0.3620 0.4898 5.2945 0.2657 0.4423 5.8556 4.6075 0.4957 4.0138 
D 1.6563 4.3772 0.1935 1.1556 7.5590 0.1681 0.2158 10.0344 2.7368 0.2078 4.3350 
Jaw W 6.1419 1.1804 0.0522 0.3116 2.0385 0.0453 0.0582 2.7060 0.7380 0.0560 1.1690 
D 0.2451 4.7409 1.3227 1.5541 14.2513 0.9009 1.0710 15.4549 3.5292 1.1114 4.0269 
Lens 
W 0.5527 2.1024 0.5866 0.6892 6.3199 0.3995 0.4749 6.8536 1.5650 0.4929 1.7858 
D 5.7254 0.2143 0.0677 0.0679 1.3274 0.0256 0.0982 0.7697 1.9737 0.1247 0.0543 
Liver  
W 7.4490 0.1647 0.0520 0.0522 1.0203 0.0197 0.0754 0.5916 1.5170 0.0959 0.0417 
D 4.0757 3.9159 0.1166 0.4129 11.7035 0.0397 0.3560 5.3291 3.4203 0.3781 0.1130 Muscle 
W 18.6984 0.8535 0.0254 0.0900 2.5510 0.0087 0.0776 1.1616 0.7455 0.0824 0.0246 
D 4.7466 0.4629 0.0534 0.1559 4.4032 0.0316 0.1228 1.3610 9.0612 0.0 568 0.0032 Spleen 
W 16.8718 0.1302 0.0150 0.0439 1.2388 0.0089 0.0346 0.3829 2.5492 0.0160 0.0009 
D 0.3423 2.9097 0.8329 1.0736 18.9015 0.6868 0.9454 16.7105 5.7873 0.9340 10.6252 
79 
Stomach W 1.5145 0.6576 0.1882 0.2427 4.2720 0.1552 0.2137 3.7768 1.3080 0.2111 2.4015 
D 1.8662 0.8156 0.0138 0.3735 1.5159 0.0496 0.1316 1.3503 10.8081 0.0090 0.1549 
Cartilage W 6.8244 0.2230 0.0038 0.1021 0.4145 0.0136 0.0360 0.3693 2.9556 0.0025 0.0424 
D 1.2515 3.2769 0.0252 0.4722 7.7907 0.0705 0.2976 3.6428 9.5086 0.0005 0.1292 
Gills  W 6.1093 0.6713 0.0052 0.0967 1.5959 0.0144 0.0610 0.7462 1.9478 0.0001 0.0265 
D 2.1640 2.1913 0.0409 0.5739 5.7810 0.0415 0.1750 3.0314 3.9834 0.0218 0.0161 
Jaw W 8.3990 0.5646 0.0105 0.1479 1.4895 0.0107 0.0451 0.7810 1.0263 0.0056 0.0042 
D 0.4534 0.3361 0.0653 0.2993 2.3467 0.2082 0.3666 0.5953 0.2069 0.1861 0.5673 Lens W 0.8443 0.1805 0.0351 0.1607 1.2602 0.1118 0.1968 0.3197 0.1111 0.1000 0.3046 
D 0.5273 0.1542 0.3719 0.3139 7.3810 0.1923 0.3290 0.8479 2.5261 0.1 417 0.8498 
Liver  W 0.7788 0.1044 0.2518 0.2125 4.9973 0.1302 0.2228 0.5741 1.7103 0.0959 0.5754 
D 5.8907 2.9878 0.0009 0.4478 11.9001 0.0122 0.4543 2.8010 0.0330 0.0568 0.0351 
Muscle W 22.5145 0.7817 0.0002 0.1172 3.1135 0.0032 0.1189 0.7329 0.0086 0.0149 0.0092 
Spleen D 5.0084 2.2762 0.0145 0.1899 5.6226 0.0172 0.1460 1.3258 8.0664 0.0209 0.0343 
 W 18.3434 0.6215 0.0040 0.0518 1.5352 0.0047 0.0399 0.3620 2.2024 0.0057 0.0094 
Stomach D 0.3408 2.4619 0.1021 0.5493 41.4906 0.2741 0.7025 4.4953 11.2265 0.1094 0.2415 
80 
 W 1.6007 0.5241 0.0217 0.1169 8.8336 0.0583 0.1496 0.9571 2.3902 0.0233 0.0514 
Cartilage D 1.6882 1.9186 0.0587 16.0467 0.1963 0.0352 0.0639 0.2026 0.9045 0.0415 0.0253 
 W 6.0902 0.5318 0.0163 4.4481 0.0544 0.0098 0.0177 0.0562 0.2507 0.0115 0.0070 
D 2.5579 0.3393 0.0377 1.8937 0.2576 0.0234 0.0590 0.1252 0.2396 0.0269 0.1052 
Egg mass W 5.0023 0.1735 0.0193 0.9684 0.1317 0.0120 0.0302 0.0640 0.1225 0.0138 0.0538 
D 2.4966 7.5423 0.4258 104.5021 13.3462 0.2379 0.5199 2.5395 7.3941 0.2576 0.7410 
Gills  
W 12.4274 1.5152 0.0855 20.9939 2.6812 0.0478 0.1044 0.5102 1.4854 0.0517 0.1489 
D 1.5338 2.5427 0.0626 188.2253 0.4277 0.0387 0.0634 0.3002 0.2929 0.0454 0.0017 
Jaw 
W 5.5527 0.7024 0.0173 51.9927 0.1181 0.0107 0.0175 0.0829 0.0809 0.0126 0.0005 
D 0.4592 1.8293 0.2147 1.3284 0.3569 0.1239 0.2160 0.5050 0.3824 0.1570 0.1104 Lens 
W 1.4529 0.5782 0.0679 0.4198 0.1128 0.0392 0.0683 0.1596 0.1209 0.0496 0.0349 
D 2.8574 8.3642 0.3542 15.4091 4.4621 0.2040 0.1278 0.6348 2.9887 0.1680 0.7409 
Liver  W 4.3218 5.5301 0.2342 10.1879 2.9502 0.1349 0.0845 0.4197 1.9760 0.1111 0.4898 
D 1.4863 9.2242 0.6338 104.6895 21.2743 0.3916 1.0920 4.7433 3.7206 0.0413 1.3497 
Muscle 
W 6.8417 2.0039 0.1377 22.7429 4.6217 0.0851 0.2372 1.0304 0.8083 0.0090 0.2932 
D 2.6104 0.7620 0.0383 1.5431 0.2191 0.0216 0.0615 0.1092 0.9596 0.0255 0.0279 
Spleen W 10.6146 0.1874 0.0094 0.3795 0.0539 0.0053 0.0151 0.0269 0.2360 0.0063 0.0069 
D 0.2620 6.1603 0.3798 22.3664 11.8588 0.2145 0.4534 0.5095 1.2225 0.2561 0.6084 
81 
Stomach W 1.6685 0.9673 0.0596 3.5121 1.8622 0.0337 0.0712 0.0800 0.1920 0.0402 0.0955 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al Cr Mn Fe Co Cu Zn As Cd Pb 
D 4.3386 0.4667 0.0236 0.4001 3.9252 0.0956 0.0 366 1.4613 4.4231 0.0673 0.6827 Cartilage
W 14.9173 0.1357 0.0069 0.1164 1.1416 0.0278 0.0106 0.4250 1.2864 0.0196 0.1986 
D 5.4123 2.6458 0.1486 0.4778 15.9082 0.1367 1.7386 22.3011 16.6657 0.1532 0.0177 Egg 
mass W 10.7744 1.3291 0.0746 0.2400 7.9912 0.0687 0.8734 11.2025 8.3717 0.0769 0.0089 
D 2.4988 3.3336 0.0363 0.3226 13.6586 0.2633 0.1201 4.7583 4.8303 0.0883 0.1574 
Gills  W 11.7296 0.7102 0.0077 0.0687 2.9097 0.0561 0.0256 1.0137 1.0290 0.0188 0.0335 
D 2.9678 0.0091 0.0198 0.9529 5.7989 0.4933 0.1399 0.0412 3.0292 1.5978 1.8364 
Jaw W 9.9683 0.0027 0.0059 0.2837 1.7265 0.1469 0.0417 0.0123 0.9019 0.4757 0.5467 
D 0.4830 0.8729 0.0019 0.4725 53.7474 0.9571 0.1161 1.7350 0.7681 0.1621 1.7391 
Lens W 1.5392 0.2739 0.0006 0.1483 16.8659 0.3004 0.0 364 0.5444 0.2410 0.0509 0.5457 
D 6.6330 0.3835 0.0093 0.0945 8.7743 0.1995 0.1809 1.7609 3.2037 0.2792 0.0668 Liver W 22.8310 0.1114 0.0027 0.0275 2.5492 0.0579 0.0526 0.5116 0.9308 0.0811 0.0194 
D 5.6243 0.8349 0.0357 0.1353 5.8994 0.1294 0.1072 1.8153 3.7889 0.0875 0.0858 
Muscle W 17.7911 0.2640 0.0113 0.0428 1.8650 0.0409 0.0339 0.5739 1.1978 0.0277 0.0271 
D 0.9230 5.2329 0.7378 1.3250 91.8743 0.7822 2.7562 46.5872 46.2622 0.4940 2.5157 
pup W 5.5189 0.8752 0.1234 0.2216 15.3654 0.1308 0.4 610 7.7914 7.7370 0.0826 0.4207 
D 0.3771 1.3169 0.1119 0.0233 37.4171 1.0284 0.1360 10.3288 5.7916 0.0419 0.4378 
Spleen W 0.8173 0.6076 0.0516 0.0108 17.2642 0.4745 0.0628 4.7657 2.6722 0.0193 0.2020 
D 3.1862 0.2178 0.0176 0.1908 9.8330 0.2210 0.5508 6.0072 3.2139 0.2822 0.4400 
82 
Stomach 
W 35.1946 0.0197 0.0016 0.0173 0.8902 0.0200 0.0499 0.5438 0.2910 0.0255 0.0398 
D 0.8369 0.0319 0.0501 1.4339 3.4341 0.2839 0.0609 3.4269 5.3268 0.0454 5.0030 Cartilage
W 2.8181 0.0095 0.0149 0.4258 1.0198 0.0843 0.0181 1.0177 1.5819 0.0135 1.4858 
D 0.6740 1.9199 0.0631 0.5650 17.2255 1.0193 0.0828 4.7418 4.6246 0.0340 2.3457 
Gills  W 3.0275 0.4274 0.0140 0.1258 3.8348 0.2269 0.0184 1.0557 1.0296 0.0076 0.5222 
D 0.8670 0.3869 0.0466 0.2739 8.1084 0.5 825 0.0135 3.1696 4.4464 0.0468 1.6886 
Jaw 
W 2.6070 0.1287 0.0155 0.0911 2.6966 0.1937 0.0045 1.0541 1.4787 0.0156 0.5616 
D 0.1533 0.0581 0.4605 0.3731 3.9400 0.8774 0.4494 1.5297 0.4070 0.5375 6.0796 
Lens 
W 0.4619 0.0193 0.1528 0.1238 1.3076 0.2912 0.1492 0.5077 0.1351 0.1784 2.0178 
D 4.2483 0.0789 0.0095 0.0559 1.6548 0.1189 0.0275 0.6468 0.9074 0.0096 0.3446 Liver 
W 8.9079 0.0377 0.0045 0.0267 0.7892 0.0567 0.0131 0.3085 0.4328 0.0046 0.1643 
D 0.5080 0.8327 0.3406 0.0984 59.9409 3.5728 0.0886 4.3701 2.8287 1.3386 0.4508 Muscle 
W 6.8331 0.0619 0.0253 0.0073 4.4562 0.2656 0.0066 0.3249 0.2103 0.0995 0.0335 
D 4.7483 0.1221 0.0442 0.2993 7.0109 0.1756 0.2211 1.7859 1.6258 0.2064 0.3264 
Spleen W 36.5484 0.0159 0.0057 0.0389 0.9108 0.0228 0.0 287 0.2320 0.2112 0.0268 0.0424 
D 0.2321 3.5330 0.2508 0.1805 15.3468 1.2085 0.0793 4.0801 3.5157 0.0965 2.0125 
84 
Stomach W 0.6680 1.2275 0.0871 0.0627 5.3323 0.4199 0.0275 1.4177 1.2216 0.0335 0.6993 
D 1.8032 3.4106 0.0119 0.5546 2.0735 0.0513 0.1543 1.6676 14.1526 0.0220 0.0923 
Cartilage W 6.3232 0.9726 0.0034 0.1581 0.5913 0.0146 0.0440 0.4756 4.0359 0.0063 0.0263 
D 1.1790 0.8278 0.0202 0.5725 7.9898 0.0758 0.2553 3.7523 9.9576 0.0226 0.0493 
Gills  W 5.1980 0.1878 0.0046 0.1299 1.8122 0.0172 0.0579 0.8511 2.2586 0.0051 0.0112 
D 1.8004 2.4783 0.0161 0.6671 1.6852 0.0500 0.1663 3.1660 5.1600 0.0341 0.0265 Jaw W 6.3192 0.7061 0.0046 0.1901 0.4801 0.0142 0.0474 0.9020 1.4701 0.0097 0.0075 
D 0.4596 0.5202 0.0598 0.3122 3.4399 0.2010 0.3431 1.1031 1.7145 0.1862 0.4547 
Lens W 1.0780 0.2218 0.0255 0.1331 1.4666 0.0857 0.1463 0.4703 0.7310 0.0794 0.1939 
D 0.5000 2.2060 0.9516 0.4598 19.5800 0.1680 0.6402 1.7660 28.6600 0.3516 0.2522 
Liver W 0.8975 1.2289 0.5301 0.2561 10.9077 0.0936 0.3 566 0.9838 15.9661 0.1959 0.1405 
D 3.4881 43.3474 0.0033 0.2956 6.3502 0.0235 0.4234 4.0194 5.0830 0.1975 0.0194 
Muscle W 13.1350 11.5113 0.0009 0.0785 1.6863 0.0062 0.1124 1.0674 1.3498 0.0525 0.0051 
D 5.2979 1.5100 0.0008 0.1314 1.9593 0.0168 0.1544 1.3817 9.7020 0.0048 0.0547 Spleen 
W 19.5732 0.4087 0.0002 0.0356 0.5303 0.0045 0.0418 0.3740 2.6260 0.0013 0.0148 
D 0.1834 4.8746 0.2356 1.0180 24.7437 0.4978 1.2170 12.4318 8.0262 0.1848 0.3768 
85 
Stomach 
W 0.6979 1.2810 0.0619 0.2675 6.5024 0.1308 0.3198 3.2669 2.1092 0.0486 0.0990 
D 0.8139 0.9031 0.0367 0.7470 3.5287 0.2032 0.0358 2.7350 10.0627 0.0435 0.0758 
Cartilage W 2.7330 0.2689 0.0109 0.2225 1.0509 0.0605 0.0106 0.8145 2.9967 0.0130 0.0226 
D 0.9498 0.2701 0.0191 0.3575 13.0554 0.4303 0.1567 5.2748 7.2436 0.0387 1.8688 
Gills  
W 4.4218 0.0580 0.0041 0.0768 2.8043 0.0924 0.0337 1.1330 1.5559 0.0083 0.4014 
D 0.8959 0.2533 0.0208 0.8405 4.6389 0.2085 0.0705 4.3800 3.3330 0.0436 1.6687 
Jaw 
W 3.2617 0.0696 0.0057 0.2309 1.2742 0.0 573 0.0194 1.2031 0.9155 0.0120 0.4583 
D 0.2347 0.1287 0.2348 0.2676 4.3545 0.5058 0.2701 4.1926 1.0277 0.3613 1.3413 Lens 
W 0.6303 0.0479 0.0874 0.0996 1.6215 0.1883 0.1006 1.5612 0.3827 0.1345 0.4994 
D 4.2710 0.1808 0.0102 0.0389 1.1477 0.0 600 0.0349 0.8516 1.7139 0.0070 0.2768 
Muscle W 20.2778 0.0381 0.0022 0.0082 0.2417 0.0126 0.0074 0.1794 0.3610 0.0015 0.0583 
D 5.0264 0.1536 0.0087 0.0331 0.9753 0.0510 0.0297 0.7236 1.4563 0.0060 0.1220 
Spleen 
W 12.4251 0.0621 0.0035 0.0134 0.3945 0.0206 0.0120 0.2927 0.5891 0.0024 0.0493 
D 0.3652 3.5926 0.0485 0.0214 18.0175 0.9244 0.0742 12.0947 4.3209 0.0208 0.7330 
87 
Stomach W 1.5783 0.8313 0.0112 0.0049 4.1690 0.2139 0.0172 2.7986 0.9998 0.0048 0.1696 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As  Cd Pb 
D 2.1158 0.0914 0.0103 0.7761 1.2993 0.1091 0.0301 1.7076 7.3117 0.0610 0.2333 Cartilage
W 7.2378 0.0267 0.0030 0.2269 0.3798 0.0319 0.0088 0.4992 2.1374 0.0178 0.0682 
D 1.4858 0.1606 0.0127 0.4563 9.1331 0.4954 0.1304 4.0652 8.8639 0.1137 0.2696 
Gills  W 6.9667 0.0342 0.0027 0.0973 1.9478 0.1056 0.0278 0.8670 1.8904 0.0242 0.0575 
D 0.9145 3.0771 0.2405 0.1698 10.2570 0.5960 0.3853 5.6971 10.8475 0.1833 1.4226 
Gonads W 3.9639 0.7099 0.0555 0.0392 2.3664 0.1375 0.0889 1.3144 2.5026 0.0423 0.3282 
D 0.4321 0.3416 0.0974 2.6869 7.4821 0.5397 0.0646 10.4027 11.1178 0.0287 0.3036 
Jaw W 1.2786 0.1154 0.0329 0.9080 2.5285 0.1824 0.0218 3.5156 3.7572 0.0097 0.1026 
D 0.4005 0.2532 0.1640 0.1343 2.4045 0.3151 0.1860 0.5423 1.2859 0.1998 4.3770 
Lens W 1.0013 0.1013 0.0656 0.0537 0.9617 0.1260 0.0744 0.2169 0.5143 0.0799 1.7507 
D 5.4201 0.0240 0.0023 0.1197 3.4760 0.1576 0.0321 1.1974 1.5369 0.0149 0.1616 Liver W 8.1881 0.0159 0.0015 0.0793 2.3009 0.1043 0.0213 0.7926 1.0173 0.0098 0.1070 
D 5.5531 14.5864 0.0624 0.8593 25.9495 1.3308 0.3951 4.7865 6.0183 0.3884 0.0985 
Muscle W 25.2054 3.2136 0.0137 0.1893 5.7170 0.2932 0.0870 1.0545 1.3259 0.0856 0.0217 
D 5.1642 4.2756 0.0206 0.2752 7.0272 0.1615 0.1900 2.0294 2.0758 0.1793 1.1212 
Spleen W 25.9759 0.8500 0.0041 0.0547 1.3971 0.0321 0.0378 0.4035 0.4127 0.0356 0.2229 
D 0.4320 2.7593 0.1273 0.1317 19.4907 1.1336 0.1306 5.8981 5.3079 0.1049 0.4657 
88 
Stomach W 1.9958 0.5973 0.0276 0.0285 4.2189 0.2454 0.0283 1.2767 1.1489 0.0227 0.1008 
D 3.0942 0.8968 0.2501 0.3128 0.9854 0.0163 0.1106 1.3050 6.7190 0.1420 0.0900 
Cartilage
W 11.5949 0.2393 0.0668 0.0835 0.2630 0.0044 0.0295 0.3483 1.7930 0.0379 0.0240 
D 2.0874 0.9212 0.3727 0.4489 6.1560 0.0266 0.2040 4.3499 7.4734 0.2038 0.1355 Gills  
W 10.0515 0.1913 0.0774 0.0932 1.2784 0.0055 0.0424 0.9033 1.5520 0.0423 0.0281 
D 0.8740 2.1602 0.8856 2.2883 5.0915 0.0616 0.5207 7.3227 0.4085 0.4509 0.0823 
Gonads W 1.1921 1.5838 0.6493 1.6777 3.7329 0.0451 0.3818 5.3687 0.2995 0.3306 0.0603 
D 2.3556 2.3773 0.3587 0.3664 31.8815 0.0208 0.1505 2.5811 3.8504 0.1864 0.1889 
Jaw 
W 8.7711 0.6385 0.0963 0.0984 8.5622 0.0056 0.0404 0.6932 1.0341 0.0501 0.0507 
D 0.4129 2.7077 1.8697 5.4735 2.5115 0.1163 0.2344 1.2059 103.3664 1.1412 0.3846 
Lens 
W 0.9940 1.1247 0.7767 2.2736 1.0433 0.0483 0.0974 0.5009 42.9376 0.4740 0.1598 
D 6.4461 0.2190 0.0005 0.1015 6.4023 0.0127 0.2476 1.2411 0.0268 0.1896 0.0674 Liver 
W 9.9694 0.1416 0.0003 0.0656 4.1397 0.0082 0.1601 0.8025 0.0173 0.1226 0.0436 
D 4.8076 11.4610 0.1822 0.2498 16.6819 0.0133 0.3193 4.5823 5.1627 0.1055 0.0502 Muscle 
W 23.6824 2.3266 0.0370 0.0507 3.3865 0.0027 0.0648 0.9302 1.0480 0.0214 0.0102 
D 5.4554 0.9825 0.1747 0.1723 2.8174 0.0118 0.1976 2.2033 7.8234 0.0594 0.0550 
Spleen W 19.2001 0.2792 0.0496 0.0490 0.8005 0.0033 0.0561 0.6260 2.2229 0.0169 0.0156 
D 0.5202 1.7474 1.4764 4.0138 26.4706 0.0975 0.4852 6.8820 12.0146 0.7222 0.6788 
91 
Stomach W 2.2288 0.4078 0.3446 0.9368 6.1782 0.0227 0.1132 1.6062 2.8042 0.1686 0.1584 
D 2.5839 0.7504 0.0192 0.3259 1.0182 0.0359 0.0159 1.2446 2.2795 0.0161 0.0992 
Cartilage W 8.9191 0.2174 0.0055 0.0944 0.2950 0.0104 0.0046 0.3606 0.6604 0.0047 0.0287 
D 1.6807 0.2791 0.0249 0.1186 3.6175 0.0534 0.0410 2.5579 2.3954 0.0129 0.0154 
Gills  W 7.6551 0.0613 0.0055 0.0260 0.7942 0.0117 0.0090 0.5616 0.5259 0.0028 0.0034 
D 0.5487 1.7970 0.1044 0.1279 5.4019 0.1719 0.0979 7.1442 4.5216 0.0691 0.5447 Gonads W 2.3656 0.4168 0.0242 0.0297 1.2530 0.0399 0.0227 1.6571 1.0488 0.0160 0.1264 
D 1.2106 3.7411 0.0154 0.6005 2.6227 0.0758 0.0150 3.6354 1.6669 0.0495 0.1001 
Jaw W 4.1225 1.0986 0.0045 0.1763 0.7702 0.0223 0.0044 1.0676 0.4895 0.0145 0.0294 
D 0.2165 0.3829 0.2600 0.6633 2.8961 0.4240 0.2744 1.6074 1.6656 0.3330 0.1774 
Lens W 0.5870 0.1412 0.0959 0.2446 1.0681 0.1564 0.1012 0.5928 0.6143 0.1228 0.0654 
D 0.5000 0.5498 0.7998 0.1708 9.8580 0.1730 0.0718 0.7266 2.3520 0.0450 0.0858 
Liver W 0.9021 0.3047 0.4433 0.0947 5.4640 0.0959 0.0398 0.4027 1.3036 0.0249 0.0476 
D 3.4800 0.7287 0.0076 0.2175 16.0057 0.0235 0.3072 3.9828 5.5230 0.2198 0.1144 Muscle 
W 16.9870 0.1493 0.0016 0.0446 3.2790 0.0048 0.0629 0.8159 1.1315 0.0450 0.0234 
D 5.1186 0.6502 0.0034 0.0913 2.6707 0.0171 0.0842 1.3558 2.5827 0.0268 0.0360 Spleen 
W 17.5937 0.1892 0.0010 0.0266 0.7770 0.0050 0.0245 0.3945 0.7514 0.0078 0.0105 
D 0.2628 1.7755 0.2325 0.3836 16.4802 0.3482 0.0430 6.5411 5.0875 0.0091 0.4490 
92 
Stomach W 1.2296 0.3795 0.0497 0.0820 3.5223 0.0744 0.0092 1.3980 1.0873 0.0020 0.0960 
D 0.9839 0.4226 0.0490 0.2853 0.8903 0.0933 0.1871 0.9279 3.3489 0.0856 0.2352 
Cartilage
W 5.4789 0.0759 0.0088 0.0512 0.1599 0.0168 0.0336 0.1666 0.6014 0.0154 0.0422 
D 1.1967 1.2200 0.0286 0.1970 4.6879 0.0681 0.1816 1.1599 1.6437 0.0712 0.1376 
Gills  
W 6.0987 0.2394 0.0056 0.0387 0.9199 0.0134 0.0356 0.2276 0.3225 0.0140 0.0270 
D 1.2918 0.9235 0.0147 0.4149 10.8376 0.0740 0.1643 1.6233 1.6876 0.0653 0.3650 Jaw 
W 7.5897 0.1572 0.0025 0.0706 1.8446 0.0126 0.0280 0.2763 0.2872 0.0111 0.0621 
D 0.6682 0.3919 0.0620 0.2020 0.7737 0.1386 0.2531 0.2679 0.5247 0.1290 0.3873 
93 
Lens W 1.4321 0.1829 0.0289 0.0943 0.3610 0.0647 0.1181 0.1250 0.2448 0.0602 0.1807 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As  Cd Pb 
D 1.2326 0.9833 0.0272 1.3224 2.8598 0.0758 0.1936 34.9099 2.5264 0.0658 0.1905 Cartilage
W 4.3321 0.2798 0.0077 0.3763 0.8137 0.0216 0.0551 9.9329 0.7188 0.0187 0.0542 
D 1.3684 0.4100 0.0264 0.5569 9.6828 0.0644 0.2455 11.7217 18.5618 0.0572 0.1239 
Gills  W 7.0478 0.0796 0.0051 0.1081 1.8800 0.0125 0.0477 2.2759 3.6040 0.0111 0.0241 
D 1.4593 1.2657 0.0091 0.8833 3.3132 0.0602 0.2043 7.4077 8.0861 0.0575 0.1593 
Jaw W 5.6235 0.3284 0.0024 0.2292 0.8598 0.0156 0.0530 1.9223 2.0983 0.0149 0.0413 
D 0.1827 0.9130 0.2534 2.6158 5.7143 0.4959 0.8801 75.0411 2.0673 0.4691 2.1336 
Lens W 0.3710 0.4495 0.1248 1.2880 2.8137 0.2442 0.4334 36.9500 1.0179 0.2310 1.0506 
D 0.5000 1.5400 0.9008 0.4644 18.0400 0.1696 0.5748 2.1020 12.2000 0.1300 0.3084 
Liver W 0.9469 0.8132 0.4757 0.2452 9.5259 0.0896 0.3035 1.1099 6.4421 0.0686 0.1628 
D 2.6028 4.1494 0.0055 0.5909 9.9623 0.0315 0.3223 4.3031 0.6762 0.0361 0.0038 Muscle W 11.8330 0.9127 0.0012 0.1300 2.1913 0.0069 0.0709 0.9465 0.1487 0.0079 0.0008 
D 5.3429 1.2334 0.0084 0.1276 2.5286 0.0155 0.1469 1.5909 2.0775 0.0127 0.1029 
Spleen W 19.3542 0.3405 0.0023 0.0352 0.6980 0.0043 0.0406 0.4392 0.5735 0.0035 0.0284 
D 0.1561 1.3209 0.3081 1.9994 19.7758 0.6009 1.2018 44.2024 22.6521 0.5119 0.5388 
94 
Stomach W 0.6945 0.2969 0.0693 0.4494 4.4451 0.1351 0.2701 9.9355 5.0916 0.1151 0.1211 
D 2.3400 0.3244 0.0247 0.4043 1.7462 0.0513 0.0553 1.3538 3.4658 0.1433 2.9957 
Cartilage W 8.3270 0.0911 0.0069 0.1136 0.4907 0.0144 0.0155 0.3804 0.9739 0.0403 0.8418 
D 1.4072 0.0926 0.0087 0.4612 13.3883 0.6069 0.1236 4.6120 5.9196 0.0573 0.6225 
Gills  
W 6.7902 0.0192 0.0018 0.0956 2.7746 0.1258 0.0256 0.9558 1.2268 0.0119 0.1290 
D 1.4597 1.1550 0.0060 0.7125 5.1997 0.1873 0.0310 3.8638 2.1758 0.0206 0.4199 Jaw 
W 5.5089 0.3061 0.0016 0.1888 1.3778 0.0496 0.0082 1.0238 0.5765 0.0054 0.1113 
D 0.4283 0.7135 0.1121 0.1090 5.7110 0.3838 0.1655 1.3775 1.0287 0.1884 3.0376 
Lens W 1.1291 0.2707 0.0425 0.0414 2.1663 0.1456 0.0628 0.5225 0.3902 0.0715 1.1522 
D 4.8730 0.0013 0.0077 0.0982 0.4946 0.0488 0.0011 0.8354 0.4195 0.0105 0.3523 
Liver 
W 9.1629 0.0007 0.0041 0.0522 0.2630 0.0259 0.0006 0.4443 0.2231 0.0056 0.1874 
D 0.0904 0.1681 0.7699 0.7190 3.8562 1.2345 0.9181 0.5531 0.6438 0.9690 2.9226 
Muscle 
W 0.1223 0.1243 0.5691 0.5315 2.8504 0.9125 0.6787 0.4088 0.4759 0.7163 2.1603 
D 5.7648 0.5221 0.0156 0.0971 1.5525 0.0139 0.0781 1.0408 1.0009 0.0104 0.0259 
95 
Spleen 
W 24.7623 0.1216 0.0036 0.0226 0.3614 0.0032 0.0182 0.2423 0.2330 0.0024 0.0060 
D 2.2367 4.3546 0.0119 0.5003 3.2235 0.0386 0.1688 2.9955 9.4291 0.0168 0.0453 Cartilage
W 8.3620 1.1648 0.0032 0.1338 0.8622 0.0103 0.0452 0.8012 2.5221 0.0045 0.0121 
D 1.8879 0.7140 0.0133 0.4455 10.5832 0.0446 0.2235 4.2905 7.3733 0.0052 0.2696 
Gills  W 9.0852 0.1484 0.0028 0.0926 2.1992 0.0093 0.0464 0.8916 1.5322 0.0011 0.0560 
D 0.1477 4.6852 0.2079 1.0603 11.4015 0.6412 1.1781 5.2539 6.6012 0.4245 1.4401 
Gonads W 0.6963 0.9938 0.0441 0.2249 2.4185 0.1360 0.2499 1.1145 1.4003 0.0900 0.3055 
D 1.2772 2.4742 0.0199 0.6146 2.1406 0.0715 0.2207 4.1732 2.4922 0.0576 0.0844 
Jaw W 4.7167 0.6700 0.0054 0.1664 0.5796 0.0194 0.0598 1.1300 0.6748 0.0156 0.0229 
D 0.3722 0.4533 0.0881 0.3595 3.4229 0.2531 0.4691 1.6040 0.0400 0.2273 0.9326 
Lens W 0.8733 0.1932 0.0376 0.1532 1.4588 0.1079 0.1999 0.6836 0.0171 0.0969 0.3975 
D 0.5448 0.4436 0.4646 0.3175 5.7783 0.1562 0.3877 1.0095 2.1366 0.0343 0.2750 Liver W 0.8181 0.2954 0.3094 0.2115 3.8481 0.1040 0.2582 0.6723 1.4229 0.0229 0.1831 
D 5.0089 3.3061 0.0057 0.7223 21.1224 0.0156 0.5600 48.3739 0.0711 0.1749 0.0797 
Muscle W 20.3961 0.8119 0.0014 0.1774 5.1873 0.0038 0.1375 11.8797 0.0175 0.0429 0.0196 
D 5.6790 0.6540 0.0010 0.1051 1.6728 0.0159 0.0958 1.3259 7.3129 0.0013 0.0263 
Spleen W 19.6671 0.1888 0.0003 0.0304 0.4830 0.0046 0.0277 0.3829 2.1116 0.0004 0.0076 
D 0.2458 1.5736 0.1452 0.7034 21.3181 0.4068 0.8312 6.8918 8.2669 0.2600 2.6688 
96 
Stomach W 1.0421 0.3712 0.0343 0.1659 5.0283 0.0960 0.1960 1.6256 1.9499 0.0613 0.6295 
D 1.2685 0.2101 0.0254 0.3494 1.8810 0.1890 0.0033 1.6894 3.9188 0.0102 0.9208 Cartilage
W 4.6853 0.0569 0.0069 0.0946 0.5093 0.0512 0.0009 0.4574 1.0610 0.0028 0.2493 
D 0.8721 0.2035 0.0478 0.2223 7.6941 0.4900 0.0491 3.2347 7.6597 0.0042 0.0742 Gills  
W 2.5733 0.0690 0.0162 0.0754 2.6075 0.1661 0.0166 1.0963 2.5959 0.0014 0.0251 
D 1.2141 0.8475 0.0218 1.0164 2.1926 0.4258 0.0371 3.9585 2.2626 0.0184 1.7289 
Jaw W 5.2389 0.1964 0.0051 0.2355 0.5081 0.0987 0.0086 0.9174 0.5243 0.0043 0.4007 
D 0.0821 0.3605 0.6857 0.7381 7.7588 1.5006 0.8892 8.6358 3.4348 1.0451 8.4044 
Lens 
W 0.2282 0.1297 0.2467 0.2656 2.7914 0.5399 0.3199 3.1069 1.2358 0.3760 3.0237 
D 6.4053 0.0469 0.0041 0.0392 1.4550 0.0 909 0.0137 0.6526 0.7680 0.0024 0.0605 
Liver 
W 12.5457 0.0240 0.0021 0.0200 0.7429 0.0464 0.0070 0.3332 0.3921 0.0012 0.0309 
D 2.1442 14.1871 0.0649 0.5867 43.3728 2.2838 0.6846 7.0376 6.8417 1.4756 0.3405 Muscle 
W 10.9256 2.7843 0.0127 0.1151 8.5121 0.4 482 0.1344 1.3812 1.3427 0.2896 0.0668 
D 3.6268 1.0240 0.0015 0.1646 2.5505 0.0248 0.1213 1.5248 1.2490 0.0020 0.2895 
Spleen W 10.7352 0.3460 0.0005 0.0556 0.8617 0.0084 0.0410 0.5151 0.4220 0.0007 0.0978 
D 1.0800 0.0060 0.0347 0.4431 2.2315 0.2201 0.0051 3.7694 1.8926 0.0472 1.5898 
97 
Stomach 
W 4.3446 0.0015 0.0086 0.1102 0.5547 0.0547 0.0013 0.9370 0.4705 0.0117 0.3952 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al  Cr Mn Fe Co Cu Zn As Cd Pb 
D 2.9583 7.1257 0.0175 0.7271 10.3167 0.2488 0.0586 2.0654 6.5781 0.1021 1.8930 Cartilage
W 10.3440 2.0379 0.0050 0.2079 2.9505 0.0712 0.0168 0.5907 1.8813 0.0292 0.5414 
D 1.9174 2.2233 0.0071 0.4532 10.7385 0.3025 0.1308 5.3510 4.9285 0.0850 0.0743 
Gills  W 8.3727 0.5092 0.0016 0.1038 2.4592 0.0693 0.0300 1.2254 1.1287 0.0195 0.0170 
D 0.1304 22.4233 0.4164 0.0782 16.1963 0.9916 0.1587 20.3834 7.4923 0.2991 1.0567 
Gonads W 0.9122 3.2054 0.0595 0.0112 2.3153 0.1417 0.0227 2.9138 1.0710 0.0428 0.1511 
D 2.2030 0.2755 0.0098 0.7099 2.8779 0.0891 0.0486 3.8901 2.7326 0.0370 0.6691 
Jaw W 8.0133 0.0757 0.0027 0.1952 0.7912 0.0245 0.0134 1.0695 0.7513 0.0102 0.1839 
D 0.4161 0.4069 0.0995 0.1014 4.9820 0.3115 0.1247 3.4871 1.0079 0.1865 0.7952 
Lens W 1.0455 0.1619 0.0396 0.0404 1.9828 0.1240 0.0496 1.3879 0.4011 0.0742 0.3165 
D 5.5475 0.9392 0.0048 0.1586 11.8612 0.2634 0.4454 3.0897 4.7643 0.5083 0.0012 Liver W 21.3248 0.2443 0.0013 0.0413 3.0856 0.0685 0.1159 0.8038 1.2394 0.1322 0.0003 
D 5.3795 8.7350 0.0095 0.1299 2.6285 0.0743 0.0874 1.5243 6.0154 0.1076 0.2041 
Muscle W 19.8463 2.3677 0.0026 0.0352 0.7125 0.0201 0.0237 0.4132 1.6305 0.0292 0.0553 
D 0.4087 63.7387 0.0937 0.0098 10.7340 0.3768 0.0619 29.3859 1.7250 0.1333 0.5253 
Spleen W 1.9757 13.1852 0.0194 0.0020 2.2205 0.0779 0.0128 6.0789 0.3568 0.0276 0.1087 
D 4.3063 11.5343 0.0110 0.7877 16.9519 0.3226 0.3342 8.8103 3.2743 0.2401 0.0768 
98 
Stomach W 30.3801 1.6350 0.0016 0.1117 2.4029 0.0457 0.0474 1.2488 0.4641 0.0340 0.0109 
D 3.1563 0.0173 0.0368 0.3374 2.0689 0.0691 0.0488 1.3687 5.5888 0.0635 0.5731 
Cartilage
W 10.0518 0.0054 0.0116 0.1060 0.6496 0.0217 0.0153 0.4298 1.7549 0.0199 0.1800 
D 1.8158 2.2403 0.0273 0.3723 19.0825 0.5226 0.1932 5.0171 10.3701 0.1193 0.3750 Gills  
W 10.1224 0.4019 0.0049 0.0 668 3.4231 0.0938 0.0347 0.9000 1.8602 0.0214 0.0673 
D 0.2307 11.8336 0.0182 0.1682 14.6901 0.7412 0.0555 9.2414 9.9740 0.1266 5.0585 
Gonads W 1.0255 2.6621 0.0041 0.0378 3.3047 0.1667 0.0125 2.0790 2.2438 0.0285 1.1380 
D 0.5404 0.2448 0.0638 0.1125 2.1244 0.2319 0.1249 0.8993 1.4101 0.1427 0.7850 
Lens 
W 1.0035 0.1318 0.0344 0.0606 1.1440 0.1249 0.0673 0.4843 0.7593 0.0768 0.4227 
D 3.0244 0.7585 0.0040 0.0750 9.8830 0.3878 0.1779 1.4125 1.9938 0.1954 0.5313 
Liver 
W 8.2892 0.2767 0.0014 0.0274 3.6059 0.1415 0.0649 0.5154 0.7274 0.0713 0.1939 
D 0.3767 4.2660 0.0727 0.4346 24.7677 0.7802 0.4136 8.1656 7.3905 0.0366 0.5832 Muscle 
W 1.6416 0.9789 0.0167 0.0997 5.6835 0.1790 0.0949 1.8738 1.6959 0.0084 0.1338 
D 3.1563 0.2924 0.0043 0.0 584 1.7425 0.0847 0.0253 1.3734 1.6222 0.0024 0.0722 
99 
Spleen 
W 11.1467 0.0828 0.0012 0.0165 0.4934 0.0240 0.0072 0.3889 0.4593 0.0007 0.0204 
D 1.1618 2.0554 0.1573 0.5500 3.7786 0.1233 0.2074 2.3971 6.7998 0.1376 0.1167 
Cartilage W 3.8893 0.6140 0.0470 0.1643 1.1287 0.0368 0.0619 0.7161 2.0312 0.0411 0.0349 
D 1.3500 0.9585 0.1540 0.4874 9.6815 0.1065 0.2515 5.8296 6.5259 0.1385 0.0821 
Gills  W 5.9719 0.2167 0.0348 0.1102 2.1886 0.0241 0.0568 1.3178 1.4752 0.0313 0.0186 
D 1.9620 3.1600 0.1104 0.4174 2.4653 0.0747 0.1408 3.9704 2.5311 0.0756 0.0543 
Jaw W 7.0929 0.8741 0.0306 0.1155 0.6819 0.0207 0.0389 1.0983 0.7001 0.0209 0.0150 
D 0.1892 1.5724 0.9450 0.8726 7.0032 0.7347 0.8229 0.4619 1.7368 0.6860 0.0063 
Lens W 0.2798 1.0633 0.6390 0.5901 4.7355 0.4968 0.5565 0.3124 1.1744 0.4639 0.0043 
D 3.8387 1.0530 0.0613 0.1160 1.9017 0.0372 0.1310 1.5734 1.6229 0.0480 0.0115 
100 
Muscle W 14.0901 0.2869 0.0167 0.0316 0.5181 0.0101 0.0357 0.4287 0.4422 0.0131 0.0031 
D 3.1799 1.9057 0.0670 0.4006 1.4551 0.0455 0.1004 1.9875 5.4876 0.0607 0.0309 
Cartilage W 10.7403 0.5642 0.0198 0.1186 0.4308 0.0135 0.0297 0.5884 1.6247 0.0180 0.0092 
D 0.7666 1.8915 0.7044 0.4139 12.6794 0.9314 1.5941 25.4370 24.6413 0.5085 1.4310 Egg 
mass W 1.8004 0.8054 0.2999 0.1762 5.3988 0.3966 0.6787 10.8309 10.4921 0.2165 0.6093 
D 4.1580 0.7181 0.0590 0.3088 7.7417 0.0362 0.1255 3.6484 5.4642 0.0527 0.1131 
Gills  W 19.2193 0.1554 0.0128 0.0668 1.6749 0.0078 0.0272 0.7893 1.1821 0.0114 0.0245 
D 3.3279 2.5361 0.0677 0.5439 3.5308 0.0437 0.0923 3.1672 2.1695 0.0451 0.0972 Jaw 
W 11.1154 0.7593 0.0203 0.1628 1.0571 0.0131 0.0276 0.9482 0.6495 0.0135 0.0291 
D 0.7733 1.1005 0.2334 0.1487 1.6527 0.1847 0.2025 1.3307 1.3475 0.1702 0.2717 Lens 
W 1.4193 0.5996 0.1272 0.0810 0.9004 0.1006 0.1103 0.7250 0.7342 0.0927 0.1480 
D 2.1323 0.3353 0.2650 0.1509 5.7168 0.0684 0.2673 1.6161 4.0238 0.3761 0.0565 
Liver W 2.5424 0.2812 0.2222 0.1266 4.7947 0.0574 0.2242 1.3554 3.3748 0.3154 0.0474 
D 7.8634 0.3106 0.0526 0.2287 7.2233 0.0206 0.3103 4.6685 3.1043 0.2265 0.0543 
Muscle 
W 33.3024 0.0733 0.0124 0.0540 1.7056 0.0049 0.0733 1.1023 0.7330 0.0535 0.0128 
D 5.5013 0.6295 0.0415 0.1271 2.3322 0.0268 0.0943 1.4269 4.7680 0.0442 0.0467 
Spleen 
W 18.8732 0.1835 0.0121 0.0370 0.6798 0.0078 0.0275 0.4159 1.3898 0.0129 0.0136 
D 0.4249 3.7256 0.4629 0.4027 31.9369 0.3389 0.5399 9.4587 10.1153 0.4213 1.3180 
102 
Stomach 
W 1.8362 0.8621 0.1071 0.0932 7.3903 0.0784 0.1249 2.1888 2.3407 0.0975 0.3050 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al  Cr Mn Fe Co Cu Zn As Cd Pb 
D 1.5061 6.2944 0.0334 0.7556 2.0191 0.0604 0.0465 2.3843 2.3033 0.0005 0.2144 Cartilage W 5.4330 1.7449 0.0093 0.2095 0.5597 0.0167 0.0129 0.6610 0.6385 0.0001 0.0594 
D 1.1494 0.8578 0.0485 0.3910 7.8041 0.0770 0.1234 3.8542 3.9073 0.0026 0.0454 Gills  W 5.5223 0.1785 0.0101 0.0814 1.6243 0.0160 0.0257 0.8022 0.8132 0.0005 0.0095 
D 0.1284 1.3170 0.3341 0.9143 15.2648 0.7282 0.2056 13.6916 0.2259 0.2469 0.4712 Gonads W 0.5241 0.3226 0.0819 0.2240 3.7397 0.1784 0.0504 3.3543 0.0553 0.0605 0.1154 
D 1.1863 24.8167 0.0431 0.8910 2.4058 0.0754 0.0374 3.8961 1.4069 0.0476 0.1816 Jaw 
W 4.2860 6.8689 0.0119 0.2466 0.6659 0.0209 0.0104 1.0784 0.3894 0.0132 0.0503 
D 0.1724 0.5017 0.3376 0.8660 3.1613 0.5458 0.3660 0.1694 2.4153 0.4124 0.2535 Lens 
W 0.3930 0.2201 0.1481 0.3799 1.3868 0.2394 0.1606 0.0743 1.0595 0.1809 0.1112 
D 0.5000 0.4422 0.9062 0.0478 25.3800 0.1692 0.5448 3.3260 10.0800 0.3856 0.4712 Liver 
W 0.8866 0.2494 0.5111 0.0270 14.3136 0.0954 0.3073 1.8758 5.6848 0.2175 0.2657 
D 4.6592 4.9493 0.0191 0.5389 34.7485 0.0156 0.3483 3.3761 2.2708 0.1945 0.1064 Muscle W 19.1100 1.2067 0.0046 0.1314 8.4720 0.0038 0.0849 0.8231 0.5536 0.0474 0.0259 
D 5.6258 0.2129 0.0080 0.0570 1.2212 0.0157 0.1113 1.2372 1.6211 0.0070 0.0519 Spleen W 21.1441 0.0567 0.0021 0.0152 0.3249 0.0042 0.0296 0.3292 0.4313 0.0019 0.0138 
D 0.1623 0.6667 0.3192 0.7998 17.8558 0.5650 0.1275 4.6704 1.0616 0.2046 0.4245 
104 
Stomach 
W 0.7962 0.1359 0.0651 0.1630 3.6398 0.1152 0.0260 0.9520 0.2164 0.0417 0.0865 
D 1.9936 1.5725 0.0497 12.5301 0.2047 0.0290 0.0574 0.2281 0.4755 0.0322 0.0630 Cartilage W 7.2031 0.4352 0.0138 3.4680 0.0567 0.0080 0.0159 0.0631 0.1316 0.0089 0.0174 
D 1.8944 0.9676 0.0867 8.7996 0.9296 0.0310 0.0774 0.2230 0.4973 0.0307 0.0881 Gills  
W 8.5823 0.2136 0.0191 1.9424 0.2052 0.0069 0.0171 0.0492 0.1098 0.0068 0.0194 
D 1.2480 1.5681 0.0787 3.7388 0.4776 0.0473 0.1132 0.2803 0.5537 0.0432 0.1240 Gonads W 5.2818 0.3705 0.0186 0.8834 0.1128 0.0112 0.0268 0.0662 0.1308 0.0102 0.0293 
D 2.1139 1.6339 0.0469 145.7969 0.3363 0.0277 0.0576 0.3278 0.3382 0.0323 0.0805 Jaw W 7.8759 0.4386 0.0126 39.1320 0.0903 0.0074 0.0155 0.0880 0.0908 0.0087 0.0216 
D 0.3511 1.6833 0.2837 4.3606 1.7716 0.1663 0.3606 0.3928 0.3594 0.2008 0.8220 Lens W 1.0541 0.5607 0.0945 1.4524 0.5901 0.0554 0.1201 0.1308 0.1197 0.0669 0.2738 
D 2.5966 0.7887 0.0383 2.5533 0.2592 0.0231 0.0457 0.0778 0.0795 0.0019 0.0841 Liver 
W 4.3519 0.4706 0.0228 1.5235 0.1546 0.0138 0.0273 0.0464 0.0474 0.0011 0.0502 
D 0.4112 2.6411 0.2369 3.1347 1.4810 0.1411 0.2996 0.6121 0.6892 0.1605 0.6581 Spleen 
W 1.7076 0.6360 0.0570 0.7549 0.3566 0.0340 0.0721 0.1474 0.1660 0.0387 0.1585 
D 1.5231 1.9322 0.0 664 5.9812 0.2605 0.0378 0.8273 0.3029 0.3880 0.0236 0.0293 
105 
Stomach W 7.0299 0.4186 0.0144 1.2959 0.0564 0.0082 0.1792 0.0656 0.0841 0.0051 0.0063 
D 5.1374 0.5727 0.0047 0.3759 0.7915 0.0181 0.0607 5.3529 2.2852 0.0082 0.0021 Cartilage W 18.0558 0.1629 0.0013 0.1069 0.2252 0.0052 0.0173 1.5231 0.6502 0.0023 0.0006 
D 1.7598 0.6694 0.0145 2.1116 9.9386 0.0514 0.2659 103.3072 8.9215 0.0154 0.2526 Gills  
W 9.0637 0.1300 0.0028 0.4100 1.9297 0.0100 0.0516 20.0581 1.7322 0.0030 0.0490 
D 1.3663 0.8658 0.0335 1.4682 5.8699 0.0662 0.5555 8.2632 10.5687 0.0550 0.3119 Gonads 
W 6.0630 0.1951 0.0076 0.3309 1.3228 0.0149 0.1252 1.8621 2.3817 0.0124 0.0703 
D 1.1612 3.2854 0.0300 1.6259 3.1683 0.0786 0.2653 6.9325 4.3662 0.0560 0.2803 Jaw 
W 2.4894 1.5325 0.0140 0.7584 1.4779 0.0367 0.1238 3.2337 2.0367 0.0261 0.1308 
D 0.5362 0.7507 0.0972 0.8596 1.5573 0.1742 0.3027 24.5058 0.3689 0.1591 0.4523 Lens W 1.0890 0.3696 0.0478 0.4232 0.7668 0.0858 0.1490 12.0666 0.1816 0.0783 0.2227 
D 0.5000 1.5440 0.9016 0.4784 18.1600 0.1746 0.8216 1.9380 6.8000 0.5900 0.9570 Liver W 0.7934 0.9731 0.5682 0.3015 11.4451 0.1100 0.5178 1.2214 4.2856 0.3718 0.6031 
D 2.6790 2.5047 0.0135 0.4427 5.6178 0.0327 0.3830 4.3337 5.0019 0.1652 0.1440 Muscle 
W 11.9290 0.5625 0.0030 0.0994 1.2616 0.0073 0.0860 0.9733 1.1233 0.0371 0.0323 
D 6.7780 0.6462 0.0043 0.0919 1.2939 0.0134 0.1090 0.9826 5.6536 0.0045 0.0129 Spleen W 23.6019 0.1856 0.0012 0.0264 0.3716 0.0038 0.0313 0.2822 1.6236 0.0013 0.0037 
D 0.3000 1.3463 0.1570 1.7367 22.3000 0.3073 0.7733 49.2000 12.9633 0.0237 1.3593 
106 
Stomach 
W 1.3347 0.3026 0.0353 0.3904 5.0124 0.0691 0.1738 11.0588 2.9138 0.0053 0.3055 
D 2.5443 1.6052 0.3058 0.5157 1.2223 0.0202 0.1026 1.7899 3.1404 0.1738 0.0243 Cartilage W 6.5690 0.6217 0.1184 0.1997 0.4734 0.0078 0.0397 0.6933 1.2163 0.0673 0.0094 
D 1.2323 2.4613 0.0237 0.3945 11.4582 0.0747 0.2997 5.2747 23.9471 0.0317 0.1542 Gills  W 3.5990 0.8427 0.0081 0.1351 3.9233 0.0256 0.1026 1.8061 8.1995 0.0109 0.0528 
D 1.5400 4.6234 0.0257 0.2102 5.7078 0.0589 0.4792 5.7727 13.3506 0.0656 0.0258 Gonads W 6.9749 1.0208 0.0057 0.0464 1.2602 0.0130 0.1058 1.2746 2.9477 0.0145 0.0057 
D 2.0799 2.1866 0.0040 0.4342 2.1011 0.0438 0.1694 3.7935 6.7167 0.0330 0.1006 Jaw 
W 7.1682 0.6345 0.0012 0.1260 0.6096 0.0127 0.0491 1.1007 1.9489 0.0096 0.0292 
D 0.3554 3.0951 0.1199 0.3872 3.8323 0.2642 0.5329 2.0428 0.8264 0.2327 0.4069 Lens 
W 0.7195 1.5288 0.0592 0.1912 1.8930 0.1305 0.2632 1.0090 0.4082 0.1149 0.2010 
D 5.2896 0.4144 0.1618 0.1894 15.8235 0.0108 0.3070 1.4311 3.9360 0.3369 0.0685 Liver W 10.5659 0.2075 0.0810 0.0948 7.9217 0.0054 0.1537 0.7165 1.9705 0.1687 0.0343 
D 4.7680 39.6602 0.0067 0.1917 5.9375 0.0175 0.2875 4.2366 3.0495 0.1619 0.2521 Muscle W 20.3993 9.2699 0.0016 0.0448 1.3878 0.0041 0.0672 0.9902 0.7128 0.0378 0.0589 
D 7.5583 1.0439 0.0113 0.1077 1.7491 0.0119 0.1545 1.6895 0.2385 0.0156 0.0142 Spleen 
W 23.9754 0.3291 0.0035 0.0340 0.5514 0.0038 0.0487 0.5326 0.0752 0.0049 0.0045 
D 1.2892 1.3024 0.0361 0.1778 6.2675 0.0724 0.1918 1.8352 26.3574 0.0192 0.2539 
109 
Stomach 
W 1.9832 0.8466 0.0235 0.1156 4.0742 0.0471 0.1247 1.1930 17.1339 0.0125 0.1650 
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Appendix 4.1.  Continue. 
Sample Tissue W/D  Weight Al Cr  Mn Fe Co Cu Zn As Cd Pb 
D 1.8084 2.0012 0.0298 0.5132 1.3968 0.0510 0.0231 2.0952 2.8921 0.0065 0.1027 Cartilage 
W 5.5102 0.6568 0.0098 0.1684 0.4584 0.0168 0.0076 0.6876 0.9491 0.0021 0.0337 
D 1.4226 0.8456 0.0368 0.3042 7.3035 0.0617 0.0823 4.0138 4.2457 0.0101 0.1253 
Gills  W 6.2555 0.1923 0.0084 0.0692 1.6609 0.0140 0.0187 0.9128 0.9656 0.0023 0.0285 
D 3.8503 0.2953 0.0092 0.0010 1.3298 0.0014 0.1579 1.3531 2.1661 0.0569 15.2715 
Gonads W 9.0815 0.1252 0.0039 0.0004 0.5638 0.0006 0.0669 0.5737 0.9184 0.0241 6.4747 
D 3.0538 1.7847 0.0049 0.4041 1.3511 0.0293 0.0423 2.7867 1.4575 0.0175 0.0284 
Jaw W 10.1994 0.5343 0.0015 0.1210 0.4045 0.0088 0.0127 0.8344 0.4364 0.0052 0.0085 
D 0.6549 0.1695 0.0988 0.2222 0.9345 0.1350 0.0788 0.1277 0.9360 0.1052 0.3181 
Lens W 1.5126 0.0 734 0.0428 0.0962 0.4046 0.0584 0.0341 0.0553 0.4053 0.0456 0.1377 
D 0.5131 0.8002 0.8404 0.1436 13.9154 0.1662 0.2744 2.2647 2.8084 0.3097 0.0598 Liver  W 0.8261 0.4970 0.5220 0.0892 8.6429 0.1033 0.1704 1.4066 1.7443 0.1923 0.0372 
D 5.1628 1.8149 0.0068 0.2328 4.8540 0.0158 0.2534 3.5698 2.6284 0.1877 0.0052 
Muscle W 23.4669 0.3993 0.0015 0.0512 1.0679 0.0035 0.0557 0.7854 0.5783 0.0413 0.0012 
D 5.0414 0.5514 0.0004 0.0477 1.9518 0.0178 0.1000 1.5055 2.7175 0.0394 0.0360 
Spleen W 14.1252 0.1 968 0.0001 0.0170 0.6966 0.0064 0.0357 0.5373 0.9699 0.0141 0.0128 
D 0.3939 3.7827 0.1686 0.2323 25.0317 0.2338 0.1536 6.6971 7.0094 0.1155 0.7007 
110 
Stomach W 1.8870 0.7896 0.0352 0.0485 5.2252 0.0488 0.0321 1.3980 1.4632 0.0241 0.1463 
D 2.8030 12.8374 0.0576 127.3040 1.1865 0.0169 0.0395 0.8711 3.0753 0.0403 0.0448 
Cartilage 
W 9.5527 3.7668 0.0169 37.3542 0.3481 0.0050 0.0116 0.2556 0.9024 0.0118 0.0131 
D 3.5797 4.0301 0.0221 17.7296 1.9645 0.0129 0.1675 0.9951 1.7711 0.0257 0.0376 Egg mass 
W 6.3013 2.2895 0.0126 10.0720 1.1160 0.0073 0.0951 0.5653 1.0061 0.0146 0.0214 
D 4.0865 14.1564 0.0129 145.3567 9.3283 0.0341 0.1671 2.2293 4.6054 0.2580 0.2579 
Gills  W 22.4177 2.5806 0.0024 26.4969 1.7004 0.0062 0.0305 0.4064 0.8395 0.0470 0.0470 
D 4.4830 17.1648 0.0055 144.0999 0.9982 0.0344 0.0182 1.6451 1.9251 0.2521 0.1965 
Jaw 
W 17.3593 4.4328 0.0014 37.2135 0.2578 0.0089 0.0047 0.4248 0.4971 0.0651 0.0508 
D 0.6939 3.9055 0.0231 5.8813 1.4080 0.1787 0.2810 0.2363 1.3302 1.6400 0.1845 
Lens 
W 1.5119 1.7924 0.0106 2.6993 0.6462 0.0820 0.1290 0.1085 0.6105 0.7527 0.0847 
D 2.5782 3.2529 0.0348 27.0344 8.7942 0.0193 0.1323 0.6577 2.2264 0.2292 0.0810 Liver  
W 4.7290 1.7735 0.0190 14.7388 4.7945 0.0105 0.0721 0.3586 1.2138 0.1250 0.0441 
D 2.0161 33.6789 0.0074 373.4934 17.7967 0.0585 0.3566 4.7964 3.7101 0.0546 1.2117 Muscle 
W 14.1083 4.8128 0.0011 53.3728 2.5432 0.0084 0.0510 0.6854 0.5302 0.0078 0.1732 
D 3.0022 0.1889 0.0110 14.5860 1.6418 0.0456 0.0023 0.7987 5.4227 0.3604 0.1333 
Pup W 11.1147 0.0510 0.0030 3.9398 0.4435 0.0123 0.0006 0.2158 1.4647 0.0973 0.0360 
D 2.2183 2.5124 0.0322 10.8507 2.1812 0.0217 0.2001 0.7381 1.3973 0.0506 0.0816 
Spleen W 7.0497 0.7906 0.0101 3.4143 0.6864 0.0068 0.0630 0.2323 0.4397 0.0159 0.0257 
D 0.3267 18.1206 0.0612 48.3012 12.8711 0.3642 0.5540 2.9140 4.6097 3.3119 10.2296 
112 
Stomach W 1.5642 3.7847 0.0128 10.0882 2.6883 0.0761 0.1157 0.6086 0.9628 0.6917 2.1366 
D 0.7355 0.6920 0.0392 0.9653 1.9130 0.1262 0.3229 2.7791 4.5452 0.0763 0.2439 
Cartilage W 2.6429 0.1926 0.0109 0.2686 0.5324 0.0351 0.0899 0.7734 1.2649 0.0212 0.0679 
D 0.7069 1.6325 0.0348 0.8233 10.4824 0.1328 0.4183 5.2497 5.5354 0.0504 0.1156 Gills  W 3.1764 0.3633 0.0077 0.1832 2.3328 0.0296 0.0931 1.1683 1.2319 0.0112 0.0257 
D 0.7983 1.6498 0.0223 1.0297 2.5705 0.1194 0.2727 4.1413 1.8690 0.0936 0.1115 
Jaw W 2.6894 0.4897 0.0066 0.3056 0.7630 0.0354 0.0809 1.2293 0.5548 0.0278 0.0331 
D 0.1742 0.1131 0.2233 0.7532 2.7411 0.5339 0.9592 1.2055 1.1693 0.4971 0.4811 
113 
Lens W 0.4082 0.0483 0.0953 0.3214 1.1698 0.2278 0.4094 0.5145 0.4990 0.2122 0.2053 
D 2.2516 2.9046 0.0121 0.3611 1.1943 0.0407 0.1132 1.2231 7.5680 0.0277 0.0496 
Cartilage W 5.2840 1.2377 0.0051 0.1539 0.5089 0.0173 0.0482 0.5212 3.2248 0.0 118 0.0211 
D 1.3753 0.6908 0.0160 0.3861 9.1035 0.0648 0.2418 3.8028 9.7942 0.0199 0.1845 Gills  
W 5.4690 0.1737 0.0040 0.0971 2.2893 0.0163 0.0608 0.9563 2.4630 0.0050 0.0464 
D 2.6406 1.8030 0.0076 0.3321 1.1531 0.0345 0.0958 2.0639 2.3517 0.0261 0.0442 Jaw 
W 5.6609 0.8410 0.0036 0.1549 0.5379 0.0161 0.0447 0.9627 1.0970 0.0122 0.0206 
D 0.7688 0.3853 0.0352 0.1795 1.2929 0.1194 0.2085 0.4451 0.1547 0.1069 0.0294 
Lens W 1.2692 0.2334 0.0214 0.1087 0.7832 0.0723 0.1263 0.2696 0.0937 0.0648 0.0178 
D 0.5000 4.2420 0.9134 0.5098 20.6800 0.1676 0.7370 2.7520 3.4980 0.6458 0.3198 
Liver  
W 0.8312 2.5517 0.5494 0.3067 12.4396 0.1008 0.4433 1.6554 2.1041 0.3885 0.1924 
D 3.0717 3.9197 0.0091 0.5167 15.0731 0.0289 0.3373 3.7276 4.3591 0.1300 0.0770 
Muscle 
W 13.6722 0.8806 0.0020 0.1161 3.3864 0.0065 0.0758 0.8375 0.9794 0.0292 0.0173 
D 7.3042 1.3595 0.0025 0.1239 1.4635 0.0123 0.0953 1.1938 7.8722 0.0096 0.0381 Spleen 
W 27.0436 0.3672 0.0007 0.0335 0.3953 0.0033 0.0257 0.3224 2.1262 0.0026 0.0103 
D 0.7381 2.0431 0.0705 0.2137 8.4541 0.1229 0.2651 1.7057 4.0401 0.0677 0.1372 
114 
Stomach W 1.0588 1.4243 0.0491 0.1489 5.8935 0.0857 0.1848 1.1891 2.8164 0.0472 0.0957 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al Cr Mn Fe Co Cu Zn As Cd Pb 
D  2.6450 17.7958 0.3879 188.0529 1.8053 0.2208 0.4386 1.7947 6.9603 0.2612 1.5766 Cartilage 
W 8.3354 5.6470 0.1231 59.6732 0.5729 0.0701 0.1392 0.5695 2.2087 0.0829 0.5003 
D  2.4609 0.6705 0.0188 13.0332 0.7576 0.0196 0.1146 0.8324 1.3609 0.0457 0.1239 
Egg mass W 4.7074 0.3505 0.0098 6.8135 0.3960 0.0102 0.0599 0.4351 0.7114 0.0239 0.0647 
D  2.4732 0.3950 0.0387 9.4008 1.0452 0.0235 0.0514 0.1795 0.5519 0.0273 0.0141 
Gills  W 11.4103 0.0856 0.0084 2.0376 0.2265 0.0051 0.0111 0.0389 0.1196 0.0059 0.0030 
D  1.8188 30.2947 0.7901 263.0856 3.6288 0.3156 0.6378 2.3873 2.0041 0.3805 0.7571 
Jaw W 5.5489 9.9299 0.2590 86.2333 1.1894 0.1034 0.2091 0.7825 0.6569 0.1247 0.2482 
D  0.3820 2.5366 0.2584 1.2204 0.4524 0.1490 0.2623 0.2670 0.4154 0.1906 0.5599 
Lens W 0.6457 1.5007 0.1529 0.7220 0.2676 0.0881 0.1552 0.1580 0.2458 0.1127 0.3313 
D  3.0792 3.7802 0.0248 22.8956 6.2538 0.0191 0.1788 0.6700 3.6297 0.1647 0.0387 Liver  W 4.7009 2.4761 0.0162 14.9971 4.0964 0.0125 0.1171 0.4389 2.3776 0.1079 0.0254 
D  1.8421 1.2095 0.0560 9.0332 0.2680 0.0284 0.7155 0.2752 0.2692 0.0125 0.0706 
Muscle W 8.4150 0.2648 0.0123 1.9774 0.0587 0.0062 0.1566 0.0602 0.0589 0.0027 0.0155 
D  2.0546 3.1231 0.0357 8.1670 0.8076 0.0209 0.0298 0.3835 6.8448 0.0556 0.0840 
Spleen W 5.0862 1.2616 0.0144 3.2991 0.3262 0.0084 0.0120 0.1549 2.7650 0.0225 0.0339 
D  0.3931 4.6731 0.2534 5.8764 2.0631 0.1519 0.2867 0.4353 0.8909 0.1537 0.6467 
115 
Stomach W 1.7324 1.0604 0.0575 1.3334 0.4681 0.0345 0.0651 0.0988 0.2021 0.0349 0.1467 
D  4.8084 14.8074 0.0042 210.2571 0.9095 0.0341 0.0108 1.4641 2.3189 0.2290 0.0555 
Cartilage 
W 16.5691 4.2972 0.0012 61.0172 0.2639 0.0099 0.0031 0.4249 0.6729 0.0664 0.0161 
D  4.1974 0.5351 0.0143 11.7708 0.6558 0.0111 0.1057 0.7802 1.3577 0.0225 0.0392 Egg mass 
W 7.7093 0.2913 0.0078 6.4087 0.3571 0.0061 0.0576 0.4248 0.7392 0.0122 0.0213 
D  1.9768 14.3211 0.0132 170.1740 12.8086 0.0708 0.0324 3.1617 5.9996 0.5013 1.1610 
Gills  W 9.6401 2.9367 0.0027 34.8959 2.6265 0.0145 0.0066 0.6483 1.2303 0.1028 0.2381 
D  2.9715 20.2928 0.0044 279.6567 3.3148 0.0424 0.0091 3.0119 1.9317 0.3658 0.3550 
Jaw 
W 10.0280 6.0132 0.0013 82.8680 0.9822 0.0126 0.0027 0.8925 0.5724 0.1084 0.1052 
D  0.5942 2.5783 0.0180 2.7836 1.3480 0.2620 0.3112 2.1996 1.6627 1.8933 0.6668 
Lens 
W 1.3779 1.1118 0.0078 1.2004 0.5813 0.1130 0.1342 0.9485 0.7170 0.8165 0.2875 
D  2.6209 3.5242 0.0260 14.1936 5.1662 0.0180 0.0743 0.5103 1.9113 0.1117 0.0614 Liver  
W 5.9102 1.5628 0.0115 6.2942 2.2910 0.0080 0.0330 0.2 263 0.8476 0.0495 0.0272 
D  1.7246 50.9104 0.0525 217.4997 16.6048 0.0319 0.7136 3.1128 2.7046 0.4212 0.1141 Muscle 
W 10.2377 8.5761 0.0088 36.6391 2.7972 0.0054 0.1202 0.5244 0.4556 0.0709 0.0192 
D  2.4507 2.4238 0.0005 5.4556 0.9218 0.0569 0.0223 0.7092 3.1950 0.4570 1.0507 
Spleen W 10.6956 0.5554 0.0001 1.2500 0.2112 0.0130 0.0051 0.1625 0.7321 0.1047 0.2408 
D  0.1806 3.0676 0.2630 11.6611 6.7331 0.7132 0.7984 2.2564 1.7204 6.1573 19.2580
117 
Stomach W 1.0301 0.5378 0.0461 2.0445 1.1805 0.1250 0.1400 0.3956 0.3016 1.0795 3.3764 
D  2.8906 2.2902 0.0089 0.3781 2.7883 0.0323 0.2231 1.5917 11.4336 0.0011 0.0982 
Cartilage W 11.3970 0.5809 0.0023 0.0959 0.7072 0.0082 0.0566 0.4037 2.8999 0.0003 0.0249 
D  0.1867 10.7284 0.2110 1.0359 11.2373 0.5008 1.0894 9.3626 10.9855 0.1676 1.9186 
Gills  W 0.7942 2.5220 0.0496 0.2435 2.6417 0.1177 0.2561 2.2010 2.5825 0.0394 0.4510 
D  2.2963 1.8221 0.0108 0.6872 1.7663 0.0402 0.1292 3.7626 5.0995 0.0308 0.0891 Jaw W 8.3294 0.5023 0.0030 0.1894 0.4869 0.0111 0.0356 1.0373 1.4059 0.0085 0.0246 
D  0.4905 0.5250 0.0850 0.2866 2.4179 0.1967 0.3246 0.8932 1.6391 0.1759 0.0591 
Lens W 1.1810 0.2180 0.0353 0.1191 1.0042 0.0817 0.1348 0.3710 0.6808 0.0731 0.0246 
D  0.5000 3.0540 0.8970 0.4522 20.2400 0.1750 0.6474 2.2600 26.1600 0.2132 0.5964 
Liver  W 0.8072 1.8917 0.5556 0.2801 12.5372 0.1084 0.4010 1.3999 16.2042 0.1321 0.3694 
D  5.1218 5.4649 0.0038 0.4875 5.3946 0.0167 0.3198 4.2329 3.6159 0.0961 0.0255 
Muscle W 24.4249 1.1460 0.0008 0.1022 1.1312 0.0035 0.0671 0.8876 0.7582 0.0201 0.0054 
D  5.0923 1.3805 0.0018 0.1221 1.6083 0.0180 0.1249 1.2823 7.8098 0.0016 0.0147 Spleen 
W 18.6447 0.3771 0.0005 0.0334 0.4393 0.0049 0.0341 0.3502 2.1330 0.0004 0.0040 
D  0.2610 3.9847 0.1590 0.7004 20.8429 0.3517 1.1172 8.1379 10.0421 0.1456 0.1575 
118 
Stomach 
W 1.1041 0.9419 0.0376 0.1656 4.9271 0.0831 0.2641 1.9237 2.3739 0.0344 0.0372 
D  1.1704 1.9737 0.3853 0.6963 1.5602 0.0783 0.0095 2.0600 3.3271 0.0413 0.0764 
Cartilage W 4.1317 0.5591 0.1092 0.1973 0.4419 0.0222 0.0027 0.5835 0.9425 0.0117 0.0216 
D  1.0112 0.4889 0.0564 0.3549 5.7753 0.0881 0.0518 4.7102 5.5182 0.0489 0.0592 
Gills  
W 4.9265 0.1004 0.0116 0.0729 1.1854 0.0181 0.0106 0.9668 1.1326 0.0100 0.0122 
D  1.9225 1.3212 0.0156 0.7038 2.8557 0.0464 0.0252 4.1456 2.4473 0.0336 0.0271 
Jaw 
W 7.3033 0.3478 0.0041 0.1853 0.7517 0.0122 0.0066 1.0913 0.6442 0.0088 0.0071 
D  0.2497 0.1189 0.2675 0.6027 1.3660 0.3712 0.2715 1.3552 0.9483 0.2339 0.0408 Lens 
W 0.5826 0.0510 0.1147 0.2583 0.5855 0.1591 0.1164 0.5808 0.4065 0.1002 0.0175 
D  0.5000 1.2600 1.0620 0.1210 16.5200 0.2340 0.1632 2.0300 6.6660 0.0126 0.3746 
Liver  W 0.8828 0.7136 0.6015 0.0685 9.3564 0.1325 0.0924 1.1497 3.7754 0.0071 0.2122 
D  3.1294 0.8602 0.0112 0.3154 11.3217 0.0258 0.2617 4.5536 4.6143 0.1248 0.0046 
Muscle 
W 14.8033 0.1819 0.0024 0.0667 2.3934 0.0055 0.0553 0.9626 0.9755 0.0264 0.0010 
D  5.7740 0.3543 0.0065 0.1597 4.3696 0.0151 0.0761 1.5639 2.8507 0.0100 0.0015 
Spleen W 20.8305 0.0982 0.0018 0.0443 1.2112 0.0 042 0.0211 0.4335 0.7902 0.0028 0.0004 
D  0.2287 1.6314 0.3332 0.4687 16.7337 0.4080 0.0227 4.3594 6.6944 0.1430 0.3481 
119 
Stomach W 1.0612 0.3516 0.0718 0.1010 3.6063 0.0879 0.0049 0.9395 1.4427 0.0308 0.0750 
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Appendix 4.1.  Continue. 
Sample Tissue W/D Weight Al  Cr Mn Fe Co Cu Zn As Cd Pb 
D  3.1584 12.9908 0.0004 158.3080 0.9410 0.0429 0.0309 1.4609 4.4168 0.3556 0.3749 Cartilage 
W 10.6327 3.8589 0.0001 47.0247 0.2795 0.0127 0.0092 0.4339 1.3120 0.1056 0.1114 
D  4.0618 1.5166 0.0162 12.2704 1.3689 0.0420 0.0732 1.1588 1.3787 0.2765 0.1659 
Egg mass W 7.6206 0.8083 0.0087 6.5402 0.7296 0.0224 0.0390 0.6177 0.7349 0.1474 0.0884 
D  3.7050 3.8273 0.0055 57.0580 6.9609 0.0342 0.0147 1.1206 3.1579 0.2996 0.3741 
Gills W 19.8671 0.7137 0.0010 10.6407 1.2981 0.0064 0.0027 0.2090 0.5889 0.0559 0.0698 
D  2.1819 14.0841 0.0289 160.9606 1.4937 0.0741 0.0631 1.7673 1.5363 0.5151 0.1199 
Jaw W 7.2547 4.2359 0.0087 48.4100 0.4492 0.0223 0.0190 0.5315 0.4620 0.1549 0.0361 
D  0.6751 16.9160 0.0578 3.4765 0.7451 0.2214 0.1592 1.6679 1.7701 1.6694 1.0384 
Lens W 1.7139 6.6632 0.0228 1.3694 0.2935 0.0872 0.0627 0.6570 0.6972 0.6576 0.4090 
D  2.5571 2.8326 0.0276 10.8326 2.8196 0.0186 0.0814 0.3542 1.1947 0.0120 0.0258 Liver  W 4.8123 1.5052 0.0147 5.7561 1.4982 0.0099 0.0432 0.1882 0.6348 0.0064 0.0137 
D  0.5679 17.0276 0.1268 27.1703 14.7737 0.2617 0.2085 5.8126 3.3175 1.9299 4.1469 
Muscle W 2.9022 3.3320 0.0248 5.3167 2.8909 0.0512 0.0408 1.1374 0.6492 0.3776 0.8115 
D  2.5352 1.0926 0.0073 11.2062 1.2319 0.0526 0.0131 0.7459 5.9325 0.4453 0.5384 
Pup W 10.6537 0.2600 0.0017 2.6667 0.2931 0.0125 0.0031 0.1775 1.4117 0.1060 0.1281 
D  1.5869 1.8434 0.0355 8.2614 1.4107 0.0269 0.1727 1.3771 2.3467 0.0623 0.0803 
120 
Spleen W 4.0273 0.7264 0.0140 3.2553 0.5559 0.0106 0.0680 0.5426 0.9247 0.0245 0.0317 
D  2.7825 20.2695 0.0333 265.9479 7.5687 0.0169 0.0645 1.6456 3.3220 0.0086 0.0762 
Cartilage 
W 8.7844 6.4205 0.0105 84.2402 2.3974 0.0054 0.0204 0.5213 1.0522 0.0027 0.0241 
D  8.4617 3.3782 0.1183 9.7912 0.9401 0.0687 0.1809 0.6751 1.0695 0.0766 0.0461 Egg mass 
W 14.9862 1.9074 0.0668 5.5284 0.5308 0.0388 0.1021 0.3812 0.6039 0.0433 0.0260 
D  3.0056 7.1633 0.0295 99.0817 6.1585 0.0181 0.1176 2.3756 3.7120 0.0016 0.0840 
Gills W 12.7507 1.6885 0.0070 23.3556 1.4517 0.0043 0.0277 0.5600 0.8750 0.0004 0.0198 
D  3.3961 30.4467 0.0470 183.7402 2.0906 0.0146 0.0496 2.4960 1.4109 0.0299 0.0271 
Jaw 
W 10.3541 9.9864 0.0154 60.2660 0.6857 0.0048 0.0163 0.8187 0.4628 0.0098 0.0089 
D  0.3011 18.9749 0.2272 11.7613 3.1739 0.1582 0.0943 0.7154 0.6914 0.4113 0.4417 
Lens 
W 0.5045 11.3247 0.1356 7.0195 1.8943 0.0944 0.0563 0.4270 0.4126 0.2455 0.2636 
D  2.6697 4.0054 0.0259 27.9058 3.5123 0.0191 0.1590 0.3465 1.4012 0.1396 0.0408 Liver  
W 5.6038 1.9082 0.0123 13.2947 1.6733 0.0091 0.0757 0.1651 0.6675 0.0665 0.0194 
D  1.4675 12.8313 0.0558 94.5145 4.6474 0.0390 0.2510 2.8286 3.3027 0.1356 0.0709 Muscle 
W 6.3947 2.9446 0.0128 21.6898 1.0665 0.0089 0.0576 0.6491 0.7579 0.0311 0.0163 
D  2.8356 2.3804 0.0325 3.9110 1.0683 0.0176 0.0628 0.5678 4.8667 0.0367 0.0049 
Spleen W 10.7838 0.6259 0.0085 1.0284 0.2809 0.0046 0.0165 0.1493 1.2797 0.0097 0.0013 
D  0.2704 20.2663 0.2113 42.4186 21.5484 0.1774 0.3328 2.8920 4.6191 0.2574 0.1880 
123 
Stomach W 1.1220 4.8841 0.0509 10.2228 5.1931 0.0428 0.0802 0.6970 1.1132 0.0620 0.0453 
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Appendix 4.1.  Continue. 
STORAGE SITE 
Number Tissue W/D Weight Al Cr  Mn Fe Co Cu Zn As Cd Pb 
D  2.6742 0.2965 0.0577 0.2490 53.0252 0.0148 0.2326 0.4708 1.5885 0.0560 0.0399 
Cartilage W 7.8386 0.1012 0.0197 0.0850 18.0900 0.0051 0.0794 0.1606 0.5419 0.0191 0.0136 
D  6.9693 0.1215 0.0201 0.0336 1.3359 0.0063 0.1692 2.1293 1.6314 0.0145 0.0536 
Egg mass  
W 12.5442 0.0675 0.0111 0.0187 0.7422 0.0035 0.0940 1.1830 0.9064 0.0080 0.0298 
D  8.5134 0.1971 0.0237 0.1706 2.7909 0.0067 0.0667 1.8406 2.1155 0.0036 0.8410 Gills  
W 23.0393 0.0728 0.0088 0.0630 1.0313 0.0025 0.0247 0.6801 0.7817 0.0013 0.3108 
D  0.9021 0.3173 0.1201 1.0221 0.7061 0.0479 0.1269 0.5242 3.0008 0.1453 0.1290 
Lens W 1.5997 0.1789 0.0677 0.5764 0.3982 0.0270 0.0716 0.2956 1.6922 0.0820 0.0728 
D  4.5445 0.2253 0.0330 0.0849 2.4865 0.0160 0.2449 1.8946 2.4403 0.4476 0.1036 
Liver  
W 6.8954 0.1485 0.0218 0.0560 1.6388 0.0106 0.1614 1.2487 1.6083 0.2950 0.0683 
D  2.9581 0.4090 0.0675 0.2180 8.5934 0.0151 0.1115 1.0821 3.9282 0.0425 0.1812 
Muscle 
W 11.9148 0.1016 0.0168 0.0541 2.1335 0.0038 0.0277 0.2687 0.9753 0.0105 0.0450 
D  3.7343 0.2196 0.0533 0.1524 5.7440 0.0124 0.1628 1.1820 1.4246 0.0337 0.1175 
Pup 
W 7.8476 0.1045 0.0254 0.0725 2.7333 0.0059 0.0775 0.5625 0.6779 0.0161 0.0559 
D  4.8205 0.1189 0.0197 0.1726 0.4419 0.0073 0.0791 0.3744 0.7980 0.0268 0.0864 Skin 
W 12.1863 0.0470 0.0078 0.0683 0.1748 0.0029 0.0313 0.1481 0.3157 0.0106 0.0342 
D  0.5093 0.9876 0.2201 1.7691 10.1708 0.0854 0.3041 2.2266 2.6154 0.2339 0.0243 
Spleen W 1.8889 0.2663 0.0593 0.4770 2.7423 0.0230 0.0820 0.6003 0.7052 0.0631 0.0066 
D  4.3718 0.5032 0.0277 0.1007 0.8900 0.0116 0.3886 2.8501 2.2073 0.0131 0.0745 
ST Content W 21.1304 0.1041 0.0057 0.0208 0.1841 0.0024 0.0804 0.5897 0.4567 0.0027 0.0154 
D  3.0684 4.8201 0.0681 0.1802 4.0510 0.0175 0.3119 5.1069 2.4606 0.0335 0.0777 
1 
ST lining W 11.5643 1.2789 0.0181 0.0478 1.0749 0.0046 0.0828 1.3550 0.6529 0.0089 0.0 206 
D  2.9902 2.0567 0.0470 0.4966 0.6755 0.0139 0.0651 2.2139 1.2942 0.0385 0.0271 
Cartilage W 9.4832 0.6485 0.0148 0.1566 0.2130 0.0044 0.0205 0.6981 0.4081 0.0121 0.0085 
D  6.3366 0.1870 0.0222 0.0536 0.5314 0.0067 0.1720 2.2520 1.0905 0.0176 0.0365 Egg mass  W 10.438 0.1135 0.0135 0.0326 0.3226 0.0040 0.1044 1.3671 0.6620 0.0107 0.0221 
D  5.4523 0.9137 0.0397 0.7474 11.0229 0.0112 0.1377 3.8277 2.9951 0.0099 0.0775 
Gills  W 28.0841 0.1774 0.0077 0.1451 2.1400 0.0022 0.0267 0.7431 0.5815 0.0019 0.0151 
D  1.0447 2.0705 0.1206 0.8529 3.7638 0.0436 0.2140 0.3964 1.4770 0.1246 0.2931 
Lens W 1.8684 1.1577 0.0674 0.4769 2.1045 0.0244 0.1197 0.2216 0.8258 0.0697 0.1639 
D  6.6586 0.7614 0.0719 0.1814 19.0280 0.0132 0.2167 1.5454 1.5559 0.8365 0.1641 
Liver  W 11.8981 0.4261 0.0403 0.1015 10.6488 0.0074 0.1213 0.8648 0.8707 0.4681 0.0919 
D  9.5127 0.1517 0.0184 0.0730 0.6801 0.0043 0.0638 0.5887 1.8050 0.0120 0.0006 
Muscle 
W 22.2197 0.0649 0.0079 0.0312 0.2912 0.0019 0.0273 0.2520 0.7727 0.0052 0.0003 
D  2.4981 1.4751 0.0831 0.0128 3.3626 0.0171 0.2050 1.8782 1.5176 0.0492 0.0353 Skin 
W 7.6151 0.4839 0.0272 0.0042 1.1031 0.0056 0.0672 0.6161 0.4978 0.0161 0.0116 
D  0.527 0.9545 0.2268 1.6546 13.6812 0.0753 0.3509 5.0835 3.0930 0.1882 0.0723 
Spleen W 2.2237 0.2262 0.0537 0.3921 3.2423 0.0179 0.0831 1.2047 0.7330 0.0446 0.0171 
D  2.6928 5.1396 0.0547 0.2236 3.9958 0.0181 1.2314 1.4903 1.4249 0.0335 0.2217 
ST Content 
W 24.1863 0.5722 0.0061 0.0249 0.4449 0.0020 0.1371 0.1659 0.1586 0.0037 0.0247 
D  3.7868 0.2572 0.0366 0.1316 4.8379 0.0133 0.3565 3.6178 1.4102 0.0014 0.1780 
3 
ST lining 
W 15.3285 0.0635 0.0090 0.0325 1.1952 0.0033 0.0881 0.8938 0.3484 0.0003 0.0440 
D  3.592 2.0462 0.0337 0.3703 0.7589 0.0200 0.0007 2.8731 1.2884 0.0279 0.1285 Cartilage 
W 12.4421 0.5907 0.0097 0.1069 0.2191 0.0058 0.0002 0.8294 0.3720 0.0081 0.0371 
D  4.627 0.6648 0.0284 0.0308 0.5842 0.0162 0.0683 1.0797 0.2948 0.0239 0.0460 
Egg mass  W 7.9859 0.3852 0.0165 0.0178 0.3385 0.0094 0.0396 0.6256 0.1708 0.0138 0.0266 
D  3.3284 0.6012 0.0361 0.3074 12.8921 0.0168 0.0652 3.8307 3.4251 0.0162 0.0103 
Gills  
W 18.4  0.1088 0.0065 0.0556 2.3321 0.0030 0.0118 0.6929 0.6196 0.0029 0.0019 
D  0.7936 0.0427 0.1663 0.2603 1.0421 0.0956 0.1027 0.0636 1.9569 0.1483 0.0673 
Lens W 1.4805 0.0229 0.0892 0.1395 0.5586 0.0513 0.0550 0.0341 1.0490 0.0795 0.0361 
D  2.9266 0.2054 0.0349 0.0291 7.8658 0.0236 0.0533 0.7346 0.7039 0.2464 0.0634 
Liver  W 5.1885 0.1158 0.0197 0.0164 4.4367 0.0133 0.0301 0.4144 0.3970 0.1390 0.0358 
D  4.0823 0.1587 0.0326 0.0339 0.8245 0.0181 0.0028 0.2989 0.9181 0.0276 0.0961 
Muscle W 18.5471 0.0349 0.0072 0.0075 0.1815 0.0040 0.0006 0.0658 0.2021 0.0061 0.0211 
D  2.1978 0.0772 0.0567 0.0557 1.7399 0.0346 0.1495 1.4910 1.4023 0.0467 0.0397 Pup W 6.4881 0.0262 0.0192 0.0189 0.5894 0.0117 0.0506 0.5051 0.4750 0.0158 0.0134 
D  0.9314 7.3116 0.1281 0.1069 2.6959 0.0836 0.0315 4.7058 1.6932 0.1240 0.1737 
Skin W 2.6559 2.5641 0.0449 0.0375 0.9454 0.0293 0.0110 1.6503 0.5938 0.0435 0.0609 
D  0.3112 0.1539 0.4473 0.6221 17.0951 0.2291 0.1963 2.1594 2.7860 0.3458 0.5006 
Spleen W 1.4333 0.0334 0.0971 0.1351 3.7117 0.0497 0.0426 0.4688 0.6049 0.0751 0.1087 
D  2.1306 0.6224 0.0619 0.0366 2.2871 0.0345 0.1183 2.3341 1.5057 0.0118 0.0183 
ST Content W 9.8825 0.1342 0.0133 0.0079 0.4931 0.0074 0.0255 0.5032 0.3246 0.0025 0.0039 
D  2.2787 1.1726 0.0587 0.0375 3.5371 0.0312 0.0589 2.1925 1.0019 0.0339 0.0411 
4 
ST lining 
W 10.1496 0.2633 0.0132 0.0084 0.7941 0.0070 0.0132 0.4922 0.2249 0.0076 0.0092 
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Appendix 4.1.  Continue. 
Number Tissue W/D Weight  Al  Cr  Mn Fe Co Cu Zn As  Cd Pb 
D  3.071 2.2599 0.0170 0.5529 0.5770 0.0193 0.0019 2.5497 1.5972 0.0303 0.0059 Cartilage 
W 9.433 0.7357 0.0055 0.1800 0.1879 0.0063 0.0006 0.8301 0.5200 0.0098 0.0019 
D  3.4889 0.7931 0.0112 0.3348 7.3720 0.0166 0.0537 2.7172 2.0408 0.0107 0.0316 
Gills W 17.3165 0.1598 0.0023 0.0675 1.4853 0.0033 0.0108 0.5475 0.4112 0.0022 0.0064 
D  0.8996 0.2808 0.1546 0.1547 0.6736 0.0830 0.0977 0.0859 0.7270 0.1311 0.1915 
Lens W 1.4955 0.1689 0.0930 0.0931 0.4052 0.0499 0.0588 0.0517 0.4373 0.0788 0.1152 
D  1.9603 0.6504 0.0299 0.0515 8.0141 0.0274 0.1871 1.8324 1.8533 0.5815 0.0202 
Liver  W 3.9093 0.3261 0.0150 0.0258 4.0186 0.0137 0.0938 0.9188 0.9293 0.2916 0.0101 
D  6.3373 0.2200 0.0059 0.0006 0.8253 0.0103 0.0194 0.3582 3.0770 0.0154 0.0182 
Muscle W 23.4724 0.0594 0.0016 0.0002 0.2228 0.0028 0.0052 0.0967 0.8308 0.0042 0.0049 
D  0.757 3.7160 0.0616 0.2221 2.3791 0.0824 0.0222 1.9247 2.0687 0.1361 0.0279 Skin W 2.3098 1.2179 0.0202 0.0728 0.7797 0.0270 0.0073 0.6308 0.6780 0.0446 0.0091 
D  0.272 0.4743 0.5162 0.4335 12.6287 0.2710 0.1996 2.9596 1.7886 0.3868 0.2007 
Spleen W 1.1897 0.1084 0.1180 0.0991 2.8873 0.0619 0.0456 0.6766 0.4089 0.0884 0.0459 
D  1.5383 1.0765 0.0341 0.2180 3.3999 0.0395 0.2133 5.0965 3.0365 0.0172 0.0460 
ST Content W 9.2678 0.1787 0.0057 0.0362 0.5643 0.0065 0.0354 0.8459 0.5040 0.0029 0.0076 
D  2.3539 2.8378 0.0207 0.1264 3.9594 0.0224 0.1917 5.2933 2.4130 0.0288 0.0618 
5 
ST lining W 9.6825 0.6899 0.0050 0.0307 0.9626 0.0055 0.0466 1.2869 0.5866 0.0070 0.0150 
D  3.1801 2.4685 0.0342 0.6676 0.7566 0.0237 0.0036 3.0062 1.2688 0.0337 0.0933 
Cartilage 
W 10.5004 0.7476 0.0104 0.2022 0.2291 0.0072 0.0011 0.9104 0.3843 0.0102 0.0283 
D  3.5624 0.0468 0.0353 0.0144 0.5188 0.0211 0.0964 1.8892 1.0807 0.0313 0.0851 Egg mass 
W 6.5412 0.0255 0.0192 0.0079 0.2825 0.0115 0.0525 1.0289 0.5886 0.0170 0.0463 
D  2.8317 0.6968 0.0403 0.3659 7.9740 0.0246 0.0714 3.1006 2.3237 0.0270 0.1011 
Gills W 15.6482 0.1261 0.0073 0.0662 1.4430 0.0045 0.0129 0.5611 0.4205 0.0049 0.0183 
D  0.8761 0.0055 0.1551 0.2351 0.5867 0.0889 0.1049 0.1886 0.7762 0.1370 0.1486 
Lens 
W 1.6601 0.0029 0.0819 0.1241 0.3096 0.0469 0.0554 0.0995 0.4096 0.0723 0.0784 
D  2.1637 1.2904 0.6725 0.0293 25.4194 0.3374 0.2630 6.9326 7.7922 0.4927 1.7396 
Liver  
W 3.7227 0.7500 0.3908 0.0170 14.7742 0.1961 0.1528 4.0293 4.5290 0.2864 1.0111 
D  2.5511 1.0595 0.0400 0.0426 1.5335 0.0279 0.0335 0.9090 3.0967 0.0421 0.0850 Muscle 
W 11.7649 0.2298 0.0087 0.0092 0.3325 0.0061 0.0073 0.1971 0.6715 0.0091 0.0184 
D  1.9216 0.1130 0.0686 0.0609 2.1586 0.0376 0.0947 3.6012 1.2417 0.0506 0.0379 Pup 
W 6.6763 0.0325 0.0198 0.0175 0.6213 0.0108 0.0273 1.0365 0.3574 0.0146 0.0109 
D  0.8369 8.6510 0.1378 0.1574 4.6123 0.0872 0.0348 3.3301 1.1363 0.1374 0.0217 
Skin W 2.6315 2.7513 0.0438 0.0500 1.4668 0.0277 0.0111 1.0591 0.3614 0.0437 0.0069 
D  0.4728 0.2722 0.3067 0.3932 10.4780 0.1563 0.0567 3.3524 1.5821 0.2282 0.1343 
Spleen W 2.279 0.0565 0.0636 0.0816 2.1738 0.0324 0.0118 0.6955 0.3282 0.0473 0.0279 
D  0.9003 1.8305 0.0331 0.0705 5.9425 0.0819 0.1696 5.4193 1.8538 0.0600 0.4221 
ST Content W 5.5944 0.2946 0.0053 0.0114 0.9563 0.0132 0.0273 0.8721 0.2983 0.0097 0.0679 
D  2.8206 5.0025 0.0483 0.0059 4.4530 0.0239 0.1904 3.6553 1.9322 0.0797 0.0958 
6 
ST lining W 14.8255 0.9517 0.0092 0.0011 0.8472 0.0045 0.0362 0.6954 0.3676 0.0152 0.0182 
Cartilage D  2.9207 2.7596 0.2034 0.3092 4.7694 0.2184 0.1736 1.8352 0.7306 0.3578 0.2578 
 W 9.6864 0.8321 0.0613 0.0932 1.4381 0.0659 0.0523 0.5534 0.2203 0.1079 0.0777 
Egg mass D  4.7492 1.2571 0.0062 0.0052 3.3395 0.0151 0.0844 1.4508 0.6260 0.0228 0.0151 
 W 8.3466 0.7153 0.0035 0.0030 1.9002 0.0086 0.0480 0.8255 0.3562 0.0130 0.0086 
Gills D  3.7629 1.1518 0.0203 0.2028 5.5569 0.0167 0.0528 3.0216 3.5770 0.0179 0.0621 
 W 20.2158 0.2144 0.0038 0.0377 1.0343 0.0031 0.0098 0.5624 0.6658 0.0033 0.0116 
Lens D  0.6415 0.1161 0.2117 0.3213 1.6134 0.1211 0.1387 0.1517 1.2393 0.1861 0.3663 
 W 1.1027 0.0676 0.1232 0.1869 0.9386 0.0705 0.0807 0.0882 0.7210 0.1083 0.2131 
Liver  D  3.5476 0.2345 0.0385 0.0207 2.2381 0.0200 0.0308 0.4550 1.3226 0.0429 0.0021 
 W 5.0896 0.1635 0.0268 0.0145 1.5600 0.0139 0.0214 0.3171 0.9219 0.0299 0.0015 
Muscle D  3.815 0.8606 0.0268 0.0266 0.6815 0.0193 0.0313 0.8938 5.1979 0.0278 0.0035 
 W 16.0218 0.2049 0.0064 0.0063 0.1623 0.0046 0.0075 0.2128 1.2377 0.0066 0.0008 
Skin D  0.8495 9.1819 0.0567 0.0200 5.2454 0.0872 0.0292 2.4426 1.7010 0.1353 0.3116 
 W 2.5133 3.1035 0.0192 0.0068 1.7730 0.0295 0.0099 0.8256 0.5749 0.0457 0.1053 
Spleen D  1.4819 0.1065 0.0948 0.0967 3.7384 0.0501 0.0263 1.1357 0.9589 0.0404 0.1836 
 W 2.5694 0.0614 0.0547 0.0558 2.1561 0.0289 0.0151 0.6550 0.5530 0.0233 0.1059 
ST Content D  3.9008 0.4033 0.0348 0.0441 1.3408 0.0182 0.1633 1.5766 1.0170 0.0072 0.0561 
 W 18.6817 0.0842 0.0073 0.0092 0.2800 0.0038 0.0341 0.3292 0.2123 0.0015 0.0117 
ST lining D  1.5299 0.1809 0.0963 0.1148 0.8059 0.0482 0.0239 0.5066 0.1514 0.0582 0.1378 
7 
 W 6.9518 0.0398 0.0212 0.0253 0.1774 0.0106 0.0053 0.1115 0.0333 0.0128 0.0303 
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Appendix 4.1.  Continue. 
Number Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As Cd Pb 
D  2.4122 2.3091 0.0495 0.1271 1.0691 0.0175 0.0799 1.7275 2.9061 0.0481 0.1369 Cartilage 
W 6.9836 0.7976 0.0171 0.0439 0.3693 0.0060 0.0276 0.5967 1.0038 0.0166 0.0473 
D  4.8369 0.1174 0.0265 0.1371 1.8007 0.0102 0.1369 1.1019 0.4199 0.0238 0.0216 
Egg mass W 1.5902 0.3572 0.0807 0.4169 5.4773 0.0309 0.4163 3.3518 1.2772 0.0724 0.0658 
D  5.0457 0.9584 0.0330 0.0368 5.0023 0.0111 0.0577 1.1971 1.3576 0.0131 0.0199 
Gills W 13.9822 0.3459 0.0119 0.0133 1.8052 0.0040 0.0208 0.4320 0.4899 0.0047 0.0072 
D  0.9642 0.3693 0.1123 0.9521 0.6648 0.0454 0.1172 0.5963 4.0915 0.1349 0.0750 
Lens W 1.5902 0.2239 0.0681 0.5773 0.4031 0.0275 0.0711 0.3616 2.4808 0.0818 0.0455 
D  1.8308 1.1039 0.0923 0.1425 9.5423 0.0347 0.0826 3.2532 2.5956 1.1427 0.0966 
Liver  W 3.7333 0.5413 0.0452 0.0699 4.6795 0.0170 0.0405 1.5954 1.2729 0.5604 0.0474 
D  3.5037 0.6285 0.0454 0.2275 1.1291 0.0125 0.0994 0.8248 6.8128 0.0348 0.0728 Muscle W 13.2183 0.1666 0.0120 0.0603 0.2993 0.0033 0.0263 0.2186 1.8058 0.0092 0.0193 
D  5.9438 0.1583 0.0246 0.1154 1.4789 0.0074 0.1240 1.0280 1.4082 0.0192 0.0334 
Pup W 12.614 0.0746 0.0116 0.0544 0.6968 0.0035 0.0584 0.4844 0.6635 0.0090 0.0157 
D  2.5653 2.1440 0.1196 0.0361 5.1495 0.0175 0.2444 2.1596 4.7480 0.0469 2.2999 
Skin W 8.1507 0.6748 0.0376 0.0113 1.6207 0.0055 0.0769 0.6797 1.4944 0.0147 0.7239 
D  0.4124 0.7340 0.2692 2.1920 11.0015 0.1045 0.2907 2.1508 3.4990 0.2808 0.2081 
Spleen W 1.6138 0.1876 0.0688 0.5602 2.8114 0.0267 0.0743 0.5496 0.8942 0.0718 0.0532 
D  4.649 10.3356 0.0883 0.3246 20.7787 0.0115 0.1284 5.0764 1.0619 0.0141 0.1458 
ST Content 
W 21.2335 2.2629 0.0193 0.0711 4.5494 0.0025 0.0281 1.1115 0.2325 0.0031 0.0319 
D  3.8132 1.9328 0.0470 0.0606 6.3411 0.0133 0.1594 2.9555 1.6207 0.0156 0.0039 
9 
ST lining 
W 15.4443 0.4772 0.0116 0.0150 1.5656 0.0033 0.0394 0.7297 0.4001 0.0 038 0.0010 
D  2.1708 1.6335 0.0236 0.5924 1.1148 0.0287 0.0065 3.8788 1.4359 0.0298 0.0073 
Cartilage W 6.742 0.5260 0.0076 0.1907 0.3589 0.0092 0.0021 1.2489 0.4623 0.0096 0.0024 
D  2.5567 0.3274 0.0214 0.0447 0.7572 0.0250 0.1016 1.9752 2.1356 0.0384 0.0508 
Egg mass 
W 4.1827 0.2001 0.0131 0.0273 0.4629 0.0153 0.0621 1.2074 1.3054 0.0235 0.0310 
D  4.1215 0.6063 0.0072 0.3433 15.2857 0.0111 0.0650 3.6710 3.1590 0.0221 0.0310 
Gills 
W 19.2212 0.1300 0.0015 0.0736 3.2776 0.0024 0.0139 0.7872 0.6774 0.0047 0.0066 
D  0.9799 0.7093 0.0569 0.1133 0.7756 0.6164 0.0839 0.0767 2.3023 0.1086 0.2914 Lens 
W 1.5037 0.4622 0.0371 0.0738 0.5054 0.4017 0.0547 0.0500 1.5003 0.0708 0.1899 
D  1.9301 0.6212 0.0265 0.0269 13.5744 0.0274 0.1597 1.5776 3.2537 0.9238 0.0422 Liver  
W 3.0131 0.3979 0.0170 0.0172 8.6954 0.0175 0.1023 1.0106 2.0842 0.5917 0.0270 
D  6.0041 0.4155 0.0044 0.0203 1.1475 0.0101 0.0454 1.1459 4.5319 0.0138 0.0158 
Muscle W 25.9622 0.0961 0.0010 0.0047 0.2654 0.0023 0.0105 0.2650 1.0481 0.0032 0.0037 
D  1.0075 0.9181 0.0187 0.0554 2.0963 0.0625 0.0543 1.8491 0.9042 0.0955 0.0706 
Pup W 3.2496 0.2847 0.0058 0.0172 0.6499 0.0194 0.0168 0.5733 0.2803 0.0296 0.0219 
D  0.3311 5.7173 0.1423 0.1136 5.4817 0.1972 0.1534 5.4092 1.6793 0.3168 0.1882 
Skin W 1.0466 1.8087 0.0450 0.0359 1.7342 0.0624 0.0485 1.7113 0.5312 0.1002 0.0595 
D  0.4266 2.0464 0.1421 0.2286 24.6835 0.1453 0.1060 4.6929 4.2405 0.1699 0.2405 
Spleen W 1.7624 0.4953 0.0344 0.0553 5.9748 0.0352 0.0256 1.1360 1.0264 0.0411 0.0582 
D  3.1776 1.4552 0.0121 0.1907 2.5585 0.0182 0.2448 3.2383 0.9388 0.0093 0.0472 ST Content W 14.1222 0.3274 0.0027 0.0429 0.5757 0.0041 0.0551 0.7286 0.2112 0.0021 0.0106 
D  3.0244 4.6323 0.0138 0.0616 5.0853 0.0173 0.2791 4.7381 2.0731 0.1185 0.0139 
10 
ST lining W 13.6626 1.0254 0.0030 0.0136 1.1257 0.0038 0.0618 1.0488 0.4589 0.0262 0.0031 
D  2.9325 1.2593 0.0177 0.4167 1.0479 0.0209 0.0042 1.6777 0.8447 0.0296 0.0593 
Cartilage W 9.44554 0.3910 0.0055 0.1294 0.3253 0.0065 0.0013 0.5209 0.2622 0.0092 0.0184 
D  8.078 0.4225 0.0008 0.0766 8.1827 0.0064 0.2066 2.5984 0.9309 0.0091 0.0030 
Egg mass W 15.5135 0.2200 0.0004 0.0399 4.2608 0.0033 0.1076 1.3530 0.4847 0.0048 0.0016 
D  4.2512 2.0300 0.1437 0.5568 14.2783 0.1378 0.0474 6.5064 4.3470 0.2312 0.4879 Gills 
W 22.071 0.3910 0.0277 0.1072 2.7502 0.0266 0.0091 1.2532 0.8373 0.0445 0.0940 
D  1.0133 0.9504 0.0682 0.1318 0.1303 0.0622 0.0489 0.2774 0.9583 0.1057 0.0737 Lens 
W 1.943 0.4956 0.0356 0.0688 0.0679 0.0324 0.0255 0.1447 0.4997 0.0551 0.0384 
D  13.0393 3.5447 0.0002 0.0613 5.5908 0.0021 0.1081 0.8543 1.0284 0.2459 0.0221 
Liver  W 17.7697 2.6011 0.0001 0.0450 4.1025 0.0015 0.0793 0.6269 0.7547 0.1805 0.0162 
D  2.306 0.8014 0.0268 0.0160 0.8335 0.0267 0.0428 1.0256 3.1960 0.0439 0.0279 
Muscle 
W 10.2446 0.1804 0.0060 0.0036 0.1876 0.0060 0.0096 0.2309 0.7194 0.0099 0.0063 
D  0.912 8.7500 2.9320 0.7489 10.5154 0.6721 0.3850 8.7939 1.7105 1.1700 1.4397 
Skin 
W 3.0246 2.6384 0.8841 0.2258 3.1707 0.2027 0.1161 2.6516 0.5158 0.3528 0.4341 
D  0.5262 11.0984 1.3246 2.5048 45.3440 1.1345 1.2277 13.4170 5.1957 1.8719 1.1517 Spleen 
W 2.2824 2.5587 0.3054 0.5775 10.4539 0.2616 0.2830 3.0932 1.1979 0.4316 0.2655 
D  2.7253 0.8227 0.0223 0.4902 6.7075 0.0204 0.3291 4.3151 0.8139 0.1340 0.0376 
ST Content W 11.0222 0.2034 0.0055 0.1212 1.6585 0.0050 0.0814 1.0669 0.2012 0.0331 0.0093 
D  0.9241 7.9212 0.7261 0.3675 22.9629 0.6633 0.1778 12.6934 1.5009 0.6742 0.1775 
11 
ST lining 
W 4.5944 1.5932 0.1460 0.0739 4.6187 0.1334 0.0358 2.5531 0.3019 0.1356 0.0357 
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Appendix 4.1.  Continue. 
Number Tissue W/D Weight  Al Cr Mn Fe Co Cu Zn As Cd Pb 
D  2.1617 1.2560 0.0578 0.3766 0.5782 0.0352 0.0222 1.7602 0.8493 0.0500 0.0943 Cartilage 
W 7.4909 0.3624 0.0167 0.1087 0.1669 0.0102 0.0064 0.5079 0.2451 0.0144 0.0272 
D  4.5678 0.5718 0.0295 0.0311 0.5261 0.0167 0.0385 0.9563 0.2437 0.0241 0.0447 
Egg mass W 8.2376 0.3171 0.0164 0.0173 0.2917 0.0093 0.0214 0.5303 0.1351 0.0133 0.0248 
D  2.2639 0.4117 0.0551 0.2213 10.6100 0.0289 0.0366 3.3438 3.2466 0.0328 0.1410 
Gills W 13.1275 0.0710 0.0095 0.0382 1.8297 0.0050 0.0063 0.5767 0.5599 0.0057 0.0243 
D  0.5599 0.0647 0.2086 0.3343 5.8368 0.1352 0.1615 0.1695 2.0575 0.2002 0.7864 
Lens W 1.2401 0.0292 0.0942 0.1510 2.6353 0.0610 0.0729 0.0765 0.9290 0.0904 0.3551 
D  1.3865 0.1683 0.0774 0.1032 25.1785 0.0464 0.1226 1.4396 1.6084 0.3823 0.2006 
Liver  W 3.0754 0.0759 0.0349 0.0465 11.3514 0.0209 0.0553 0.6490 0.7251 0.1723 0.0904 
D  3.5075 0.1802 0.0194 0.0193 1.1247 0.0209 0.0237 0.6161 3.4840 0.0312 0.0639 Muscle W 16.3596 0.0386 0.0042 0.0041 0.2411 0.0045 0.0051 0.1321 0.7470 0.0067 0.0137 
D  1.0521 0.0341 0.1213 0.1404 2.8876 0.0699 0.0434 1.8202 1.2442 0.1016 0.4038 
Pup W 3.7377 0.0096 0.0341 0.0395 0.8128 0.0197 0.0122 0.5123 0.3502 0.0286 0.1137 
D  0.876 4.2477 0.1066 0.2626 4.6324 0.0901 0.0402 3.4292 2.2306 0.1301 0.0127 
Skin W 3.3702 1.1041 0.0277 0.0682 1.2041 0.0234 0.0104 0.8913 0.5798 0.0338 0.0033 
D  0.1124 0.4288 1.0667 1.4626 56.7616 0.6388 0.4858 6.0498 5.5249 0.9653 2.6272 
Spleen W 1.326 0.0363 0.0904 0.1240 4.8115 0.0541 0.0412 0.5128 0.4683 0.0818 0.2227 
D  5.2967 1.4972 0.0244 0.3130 1.2385 0.0136 0.0251 2.6904 0.4986 0.0128 0.0429 
ST Content 
W 17.7415 0.4470 0.0073 0.0935 0.3698 0.0041 0.0075 0.8032 0.1489 0.0038 0.0128 
D  2.8768 0.6017 0.0393 0.1133 4.1852 0.2357 0.1517 5.0577 2.0926 0.0659 0.0523 
12 
ST lining 
W 14.4413 0.1199 0.0078 0.0226 0.8337 0.0469 0.0302 1.0075 0.4169 0.0131 0.0104 
D  3.1558 2.8677 0.0314 0.6414 0.7950 0.0250 0.0004 2.6459 2.6396 0.0327 0.1102 
Cartilage W 10.4447 0.8665 0.0095 0.1938 0.2402 0.0075 0.0001 0.7994 0.7975 0.0099 0.0333 
D  2.1937 0.0616 0.0584 0.0546 1.0243 0.0318 0.0744 1.7582 0.9381 0.0515 0.1243 
Egg mass 
W 4.2442 0.0318 0.0302 0.0282 0.5294 0.0164 0.0385 0.9088 0.4849 0.0266 0.0642 
D  3.1163 0.6180 0.0374 0.4162 7.5089 0.0217 0.0676 3.4368 2.1789 0.0197 0.0489 
Gills 
W 16.4084 0.1174 0.0071 0.0790 1.4261 0.0041 0.0128 0.6527 0.4138 0.0037 0.0093 
D  0.7159 0.0778 0.1921 0.2914 0.5639 0.1016 0.1228 0.0665 1.5561 0.1650 0.5274 Lens 
W 1.5418 0.0361 0.0892 0.1353 0.2618 0.0472 0.0570 0.0309 0.7225 0.0766 0.2449 
D  2.3331 0.1590 0.0581 0.0470 2.3188 0.0315 0.0528 0.4710 0.7394 0.0572 0.0824 Liver  
W 3.457 0.1073 0.0392 0.0317 1.5649 0.0213 0.0356 0.3179 0.4990 0.0386 0.0556 
D  5.0407 0.2531 0.0250 0.0306 0.5392 0.0153 0.0028 0.2581 0.6511 0.0228 0.0735 
Muscle W 21.1829 0.0602 0.0059 0.0073 0.1283 0.0036 0.0007 0.0614 0.1549 0.0054 0.0175 
D  0.9459 5.3600 0.1260 0.2221 5.9626 0.0763 0.0209 2.7117 2.5056 0.1226 0.0256 
Skin W 2.9054 1.7450 0.0410 0.0723 1.9412 0.0249 0.0068 0.8828 0.8157 0.0399 0.0083 
D  0.5241 0.5228 0.2666 0.3011 12.0969 0.1400 0.0761 3.4020 2.0244 0.1641 0.9578 
Spleen W 2.4486 0.1119 0.0571 0.0644 2.5892 0.0300 0.0163 0.7282 0.4333 0.0351 0.2050 
D  0.7927 0.0281 0.1765 0.1142 3.0920 0.0961 0.1443 2.0146 2.8611 0.0864 0.3150 
ST Content W 7.0686 0.0032 0.0198 0.0128 0.3467 0.0108 0.0162 0.2259 0.3209 0.0097 0.0353 
D  2.8666 0.1248 0.0443 0.0764 3.2129 0.0242 0.2264 4.5350 1.8977 0.0182 0.0112 
13 
ST lining W 13.2471 0.0270 0.0096 0.0165 0.6952 0.0052 0.0490 0.9813 0.4107 0.0039 0.0024 
D  2.012 6.0934 0.3146 0.0621 1.1362 0.3196 0.3335 5.4970 4.3936 0.5094 0.4235 
Cartilage W 6.9079 1.7748 0.0916 0.0181 0.3309 0.0931 0.0971 1.6011 1.2797 0.1484 0.1233 
D  8.8223 0.2768 0.0056 0.1014 9.3286 0.0059 0.1390 2.3894 1.2015 0.0069 0.0446 
Egg mass W 19.2719 0.1267 0.0026 0.0464 4.2705 0.0027 0.0636 1.0938 0.5500 0.0032 0.0204 
D  3.0229 3.2651 0.2094 0.6093 12.0778 0.1991 0.1024 6.6856 3.9631 0.3265 0.3053 
Gills W 15.6035 0.6326 0.0406 0.1181 2.3399 0.0386 0.0198 1.2952 0.7678 0.0633 0.0592 
D  0.3409 3.1652 0.1745 0.3385 1.2892 0.1960 0.1731 0.1496 1.9654 0.3145 0.2097 Lens 
W 1.0593 1.0186 0.0562 0.1089 0.4149 0.0631 0.0557 0.0481 0.6325 0.1012 0.0675 
D  2.2919 0.7465 0.0903 0.2264 22.6886 0.0216 0.2596 1.1933 1.8862 0.1941 0.1319 Liver  
W 3.4385 0.4976 0.0602 0.1509 15.1229 0.0144 0.1730 0.7954 1.2572 0.1294 0.0879 
D  3.2218 3.2032 0.1744 0.3625 2.2751 0.1900 0.1147 1.7537 7.0861 0.3268 0.2492 
Muscle W 14.288 0.7223 0.0393 0.0817 0.5130 0.0428 0.0259 0.3954 1.5978 0.0737 0.0562 
D  0.6717 11.9994 0.8843 1.3444 20.7384 0.9498 0.7548 7.9798 3.1770 1.5558 1.1210 
Skin 
W 2.3996 3.3589 0.2475 0.3763 5.8051 0.2659 0.2113 2.2337 0.8893 0.4355 0.3138 
D  0.3895 15.4814 1.7407 3.5892 30.7574 1.5456 1.6919 11.9974 0.7207 2.6752 3.5558 
Spleen 
W 1.6966 3.5542 0.3996 0.8240 7.0612 0.3548 0.3884 2.7543 0.1654 0.6142 0.8163 
D  1.3341 5.9516 0.0340 2.2854 15.9658 0.0384 0.9257 18.2745 1.0299 0.0666 0.1118 ST Content 
W 5.8687 1.3529 0.0077 0.5195 3.6294 0.0087 0.2104 4.1542 0.2341 0.0151 0.0254 
D  0.3582 3.0374 0.1843 0.4500 7.6019 0.1683 0.2429 6.0999 0.8816 0.2362 0.0723 
14 
ST lining W 1.5883 0.6850 0.0416 0.1015 1.7144 0.0380 0.0548 1.3757 0.1988 0.0533 0.0163 
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Appendix 4.1.  Continue. 
Number Tissue W/D Weight Al Cr Mn Fe  Co Cu Zn As Cd Pb 
D  1.9829 1.5835 0.0244 0.4504 0.6405 0.0325 0.0266 2.4308 1.9103 0.0477 0.0385 Cartilage 
W 6.1061 0.5142 0.0079 0.1462 0.2080 0.0105 0.0086 0.7894 0.6204 0.0155 0.0125 
D  4.7519 0.2184 0.0109 0.0095 0.8996 0.0135 0.0663 1.2121 1.0122 0.0207 0.0046 
Egg mass W 7.4087 0.1401 0.0070 0.0061 0.5770 0.0086 0.0425 0.7775 0.6492 0.0133 0.0030 
D  3.141 0.6329 0.0081 0.2254 13.0468 0.0158 0.0640 3.4957 5.4632 0.0140 0.0495 
Gills W 15.305 0.1299 0.0017 0.0463 2.6776 0.0032 0.0131 0.7174 1.1212 0.0029 0.0102 
D  0.7241 0.9460 0.0858 0.1671 0.3944 0.0903 0.1080 0.0678 2.6474 0.1472 0.0601 
Lens W 1.1791 0.5810 0.0527 0.1026 0.2422 0.0555 0.0663 0.0416 1.6258 0.0904 0.0369 
D  1.2127 1.3350 0.0498 0.0093 11.2806 0.0493 0.0659 0.6927 2.5802 0.1636 0.0449 
Liver  W 2.2592 0.7166 0.0267 0.0050 6.0552 0.0265 0.0354 0.3718 1.3850 0.0878 0.0241 
D  5.134 0.4649 0.0068 0.0155 0.5316 0.0125 0.0026 0.2125 0.3572 0.0204 0.0180 Muscle W 22.38060.1067 0.0016 0.0036 0.1219 0.0029 0.0006 0.0487 0.0819 0.0047 0.0041 
D  0.9139 1.0034 0.0678 0.0916 1.5779 0.0694 0.0196 1.4323 1.3131 0.1068 0.0729 
Pup W 3.2564 0.2816 0.0190 0.0257 0.4428 0.0195 0.0055 0.4020 0.3685 0.0300 0.0205 
D  0.6078 3.4831 0.1157 0.1862 4.5574 0.0936 0.0706 2.3988 0.7499 0.1726 1.0036 
Skin W 1.5088 1.4031 0.0466 0.0750 1.8359 0.0377 0.0284 0.9663 0.3021 0.0695 0.4043 
D  0.3263 2.0686 0.1897 0.2918 15.2375 0.1980 0.1891 3.9565 4.6522 0.3028 0.1535 
Spleen W 1.3525 0.4991 0.0458 0.0704 3.6762 0.0478 0.0456 0.9545 1.1224 0.0730 0.0370 
D  2.0234 2.6688 0.0150 0.0904 7.7049 0.0292 0.0827 2.9159 2.8220 0.0197 0.0999 
ST Content 
W 10.73140.5032 0.0028 0.0170 1.4527 0.0055 0.0156 0.5498 0.5321 0.0037 0.0188 
D  2.4388 0.6979 0.0205 0.0657 6.0276 0.0252 0.1073 3.5755 2.7062 0.0854 0.0287 
15 
ST lining 
W 9.4212 0.1807 0.0053 0.0170 1.5603 0.0065 0.0278 0.9256 0.7005 0.0221 0.0074 
 
 318 
Appendix 4.2.  ICP-MS methodology (including wavelengths used and detection 
limits). 
 
1.  Baseline study and metal tissue accumulation site. 
Fast pre flush: 10 seconds 
Slow pre flush: 10 seconds 
Total pre flush: 20 seconds 
Time to analyze metal content for each metal: 10 seconds 
 
2.  Metallothionein metal concentration: 
Fast pre flush: 20 seconds 
Slow pre flush: 10 seconds 
Total pre flush: 30 seconds 
Time to analyze metal content for each metal:12 seconds. 
 
Table A.  Wavelengths used for metal determination. 
Baseline study and Storage Metallothionein  
Al 394.401 Cu 324.754 Cu 219.958 
Cr 283.563 Zn 334.502 Zn 334.502 
Mn 259.373 As 188.979 Cd 226.502 
Fe 238.204 Cd 226.502 
Co 228.616 Pb  283.306 
 
 
Table B.  Detection limits for SpectroFl ame ICP-MS in aqueous solutions and for the 
determination of metals in water.  Values are in PPM. 
Aqueous solutions (As specified by Spectro) 
Metal Wavelength Limit Metal Wavelength Limit 
Al 308.215 0.018 Cu 324.757 0.002 
As 193.696 0.002 Fe 259.94 0002 
Cd 226.502 0.002 Mn 257.61 0.0003 
CO 228.616 0.002 Pb  220.351 0.02 
Cr 267.716 0.002 Zn 213.856 0.002 
Water Samples (As determined by Chemin) 
Metal MDL LOQ Metal MDL LOQ 
Al 0.0002 0.0005 Cu 0.0013 0.002 
As 0.0002 0.0004 Fe 0.0008 0.001 
Cd 0.0002 0.0004 Mn 0.0002 0.0002 
Co 0.00006 0.0001 Pb  0.002 0.0025 
Cr 0.0005 0.0008 Zn 0.0002 0.0004 
MDL: Method Detection Limit 
LOQ: Limit Of Quantification 
 
 
 
 
 
 319 
Appendix 5.1.  Results of the Tukey test to determine for which metal in a 
specific tissue type the sampling sites were significantly different from each 
other. 
 
NS: Not Significant (P>0.05); *: Significant Difference (0.01< P <0.05); **: Significant Difference 
(0.001< P <0.01); ***: Significant Difference (P < 0.001); NT: Not Tested. 
 
Vertebrae 
Al 
Cr 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS NT  NT NS NT NT 
Site 2 ** ---- *** *** *** *** *** 
Site 3 NT *** ---- NT NT NT NT 
Site 4 NT *** NT ---- NT NT NT 
Site 5 NS *** NT NT ---- NT NT 
Site 6 NT *** NT NT NT ---- NT 
Site 7 NT *** NT NT NT NT ---- 
Mn 
Iron Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT NT NT NT NT * 
Site 2 NS ---- NT NT NT NT ** 
Site 3 *** *** ---- NS NT NT *** 
Site 4 *** *** NT ---- NT NT ** 
Site 5 *** *** NT NT ---- NT * 
Site 6 *** *** NT NT NT ---- *** 
Site 7 *** *** NT NS NT NT ---- 
Co 
Cu Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT NT NT NT NT NS 
Site 2 NS ---- NT NT NS NT NT 
Site 3 NT *** ---- NT NT NS NT 
Site 4 NT *** NT ---- NT NT NT 
Site 5 NS *** NS NT ---- NT NT 
Site 6 NT *** NT NT NT ---- NT 
Site 7 NT *** NT NT NT NT ---- 
Zn 
As Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS *** *** *** *** *** 
Site 2 NS ---- *** *** *** *** *** 
Site 3 *** *** ---- NT NS NT NT 
Site 4 *** *** NT ---- NT NT NT 
Site 5 *** *** NT NT ---- NS NT 
Site 6 *** *** NS NT NT ---- NT 
Site 7 *** *** NT NT NT NT ---- 
Cd 
Pb Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT NT NT NT NT NT 
Site 2 NT ---- NT NT NS NT NT 
Site 3 NT NT ---- NS NT NT NT 
Site 4 NT NT NT ---- NT NT NT 
Site 5 NT NT NS NT ---- NT NT 
Site 6 NT NT NT NT NT ---- NT 
Site 7 NT NT NT NT NT NT ---- 
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Appendix 5.1. Continue. 
NS: Not Significant (P>0.05); *: Significant Difference (0.01< P <0.05); **: Significant Difference 
(0.001< P <0.01); ***: Significant Difference (P < 0.001); NT: Not Tested. 
 
Muscle tissue 
Al 
Cr 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS NT NT NT NT NT 
Site 2 NS ---- *** ** ** *** ** 
Site 3 *** ** ---- NS NT NT NT 
Site 4 *** ** NT ---- NT NT NT 
Site 5 *** NS NT NT ---- NT NT 
Site 6 *** ** NT NT NT ---- NT 
Site 7 *** ** NT NS NS NT ---- 
Iron 
Co 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS *** *** *** *** *** 
Site 2 *** ---- *** *** *** *** *** 
Site 3 *** NS ---- NT NT NT NS 
Site 4 *** NT NT ---- NT NT NT 
Site 5 *** NT NT NT ---- NT NT 
Site 6 *** NT NT NT NT ---- NT 
Site 7 *** NT NT NT NT NT ---- 
Cu 
Zn Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS *** *** *** *** *** 
Site 2 NS ---- *** *** *** *** *** 
Site 3 *** *** ---- NS NT NT NT 
Site 4 *** *** NT ---- NT NT NT 
Site 5 *** *** NT NT ---- NT NT 
Site 6 *** *** NT NT NT ---- NT 
Site 7 *** *** NT NT NT NS ---- 
As 
Cd Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS *** *** *** *** *** 
Site 2 NS ---- *** *** *** *** *** 
Site 3 ** *** ---- NT NT NT NT 
Site 4 * *** NS ---- NS NT NT 
Site 5 * *** NT NT ---- NT NT 
Site 6 ** *** NT NT NT ---- NT 
Site 7 * *** NT NT NT NT ---- 
Pb 
Mn Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- *** *** *** *** *** *** 
Site 2 NT ---- NT NT NS NT NT 
Site 3 NT NT ---- NT NT NT NT 
Site 4 NT NT NT ---- NT NT NT 
Site 5 NT NT NT NT ---- NT NT 
Site 6 NT NT NT NT NT ---- NT 
Site 7 NT NT NT NT NT NT ---- 
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Appendix 5.1. Continue. 
NS: Not Significant (P>0.05); *: Significant Difference (0.01< P <0.05); **: Significant Difference 
(0.001< P <0.01); ***: Significant Difference (P < 0.001); NT: Not Tested. 
 
Liver 
Al 
Cr Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS NT NT NT NS NT 
Site 2 NT ---- ** *** * *** ** 
Site 3 NT NT ---- NT NT NT NT 
Site 4 NT *** NS ---- NT NT NT 
Site 5 NT NS NT NT ---- NT NT 
Site 6 NT NT NT NT NT ---- NT 
Site 7 NT NT NT NT NT NT ---- 
Mn 
Iron Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT NT NT NT NT NS 
Site 2 NS ---- NT NT NT NT NT 
Site 3 *** *** ---- NT NS NT *** 
Site 4 *** *** NT ---- NT NT *** 
Site 5 *** *** NT NT ---- NT NT 
Site 6 *** *** NT NT NT ---- ** 
Site 7 *** *** NT NS NT NT ---- 
Co 
Cu 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS *** *** *** *** *** 
Site 2 NS ---- *** *** *** *** *** 
Site 3 *** *** ---- NT NT NS NT 
Site 4 *** *** NT ---- NT NT NT 
Site 5 ** *** NT NT ---- NT NT 
Site 6 *** *** NT NT NT ---- NT 
Site 7 *** *** NT NT NS NT ---- 
Zn 
As 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NS *** *** *** *** *** 
Site 2 NS ---- *** *** *** *** *** 
Site 3 *** *** ---- NT NT NT NS 
Site 4 *** *** NT ---- NT NT NT 
Site 5 *** *** NT NT ---- NT NT 
Site 6 *** *** NT NT NT ---- NT 
Site 7 *** *** NT NT NS NT ---- 
Cd 
Pb Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- *** *** *** *** *** *** 
Site 2 NT ---- *** *** ** *** *** 
Site 3 ** NT ---- NS NT NT NT 
Site 4 ** NT NT ---- NT NT NT 
Site 5 NS NT NT NT ---- NT NT 
Site 6 * NS NT NT NS ---- NT 
Site 7 * NT NT NT NT NT ---- 
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Appendix 5.1. Continue. 
NS: Not Significant (P>0.05); *: Significant Difference (0.01< P <0.05); **: Significant Difference 
(0.001< P <0.01); ***: Significant Difference (P < 0.001); NT: Not Tested. 
 
Gills 
Al 
Cr Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- * *** *** *** *** *** 
Site 2 NS ---- *** NT NS *** NT 
Site 3 ** *** ---- NT NT NT NS 
Site 4 NT ** NS ---- NT NS NT 
Site 5 NS * NT NT ---- NT NT 
Site 6 * *** NT NT NT ---- * 
Site 7 ** *** NT NT NT NT ---- 
Mn 
Iron Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT NT NT NT NT NS 
Site 2 NS ---- NT NT NT NT NT 
Site 3 *** *** ---- NT NS NT * 
Site 4 *** *** NS ---- NT NT NT 
Site 5 *** *** NT NT ---- NT NT 
Site 6 *** *** NT NT NT ---- * 
Site 7 *** *** NT NT NT NT ---- 
Co 
Cu 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT NS NT NT NT NT 
Site 2 NS ---- ** NT NT NT NS 
Site 3 *** *** ---- NT NT NT NT 
Site 4 *** *** NT ---- NT NT NT 
Site 5 *** ** NS NT ---- NT NT 
Site 6 *** *** NT NT NT ---- NT 
Site 7 *** *** NT NT NT NT ---- 
Zn 
As 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT *** *** *** *** *** 
Site 2 * ---- *** *** *** *** *** 
Site 3 *** *** ---- NT NT NT NS 
Site 4 *** *** NT ---- NT NT NT 
Site 5 *** *** NT NT ---- NT NS 
Site 6 *** *** NT NT NT ---- NT 
Site 7 *** *** NT NS NT NT ---- 
Cd 
Pb Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT * NT NT NT NS 
Site 2 NT ---- *** NT NS ** *** 
Site 3 NT NT ---- NS NT NT NT 
Site 4 NT NT NT ---- NT NT NT 
Site 5 NT NT NT NT ---- NT NT 
Site 6 NT NT NT NT NT ---- NT 
Site 7 NT NT NT NT NT NT ---- 
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Appendix 5.1. Continue. 
NS: Not Significant (P>0.05); *: Significant Difference (0.01< P <0.05); **: Significant Difference 
(0.001< P <0.01); ***: Significant Difference (P < 0.001); NT: Not Tested. 
 
Stomach content  
Al 
Cr Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT NT NT NT NT NT 
Site 2 *** ---- NT NT NT NT NT 
Site 3 *** * ---- NT NT NT NT 
Site 4 *** NT NT ---- NT NT NT 
Site 5 *** NS NT NT ---- NT NT 
Site 6 *** * NT NT NT ---- NT 
Site 7 *** ** NT NS NT NT ---- 
Mn 
Iron Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT NT NT NT NT NT 
Site 2 *** ---- NT NT NT NT NT 
Site 3 *** NT ---- NT NT NT NT 
Site 4 *** NT NT ---- NT NT NT 
Site 5 *** NT NT NT ---- NT NT 
Site 6 *** NT NT NT NT ---- NT 
Site 7 *** NS NT NS NT NT ---- 
Co 
Cu 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- *** *** ** *** *** *** 
Site 2 NT ---- NT NT NT NT NS 
Site 3 * *** ---- ** NT NT NT 
Site 4 NT NT NS ---- NS NT ** 
Site 5 NS NT NT NT ---- NT NT 
Site 6 * ** NT NT NT ---- NT 
Site 7 * ** NT NT NT NT ---- 
Zn 
As 
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- * *** *** *** *** *** 
Site 2 * ---- NT NS NT NT * 
Site 3 *** *** ---- NT NT NT NT 
Site 4 *** *** NT ---- NT NT NT 
Site 5 *** *** NT NS ---- NT NT 
Site 6 *** *** NT NT NT ---- NS 
Site 7 *** *** NT NT NT NT ---- 
Cd 
Pb Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 
Site 1 ---- NT * NT NS * NT 
Site 2 NT ---- ** NT NT NT * 
Site 3 NT NT ---- NT NT NT NT 
Site 4 NT NT NT ---- NT NS NS 
Site 5 NT NT NT NT ---- NT NT 
Site 6 NT NT NT NT NT ---- NT 
Site 7 NT NT NT NT NT NT ---- 
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Appendix 6.1. Results of the t-test to determine if there were significant 
differences between the metal concentrations in two species of sharks S. 
megalops and M. mustelus (Confidence level for Normality and Equal variance 
at 99%, confidence level for t-test and Power at 95%). 
Normality 
a = 0.01 
Equal variance 
a = 0.01 
Source of variation Tissue 
type 
Metal  
Value of P  Value of P t D F P 
Power of test 
with a=0.05 
Al <0.001 <0.001 11.611 23 <0.001 1.000 
Cr  0.007 0.030 11.597 23 <0.001 <0.001 
Mn <0.001 <0.001 15.097 23 <0.001 <0.001 
Fe <0.001 0.006 5.429 23 <0.001 <0.001 
Co 0.063 0.116 15.364 23 <0.001 <0.001 
Cu <0.001 <0.001 12.294 23 <0.001 <0.001 
Zn 0.001 <0.001 18.914 23 <0.001 <0.001 
As <0.001 <0.001 10.982 23 <0.001 <0.001 
Cd <0.001 0.044 6.389 23 <0.001 <0.001 
V
er
te
br
ae
 
Pb <0.001 0.010 3.568 23 0.002 0.922 
Al <0.001 0.175 7.483 22 <0.001 1.000 
Cr  <0.001 0.005 5.914 22 <0.001 1.000 
Mn <0.001 <0.001 18.761 22 <0.001 1.000 
Fe 0.001 0.038 11.102 22 <0.001 1.000 
Co 0.001 0.003 11.134 22 <0.001 1.000 
Cu <0.001 <0.001 13.660 22 <0.001 1.000 
Zn <0.001 <0.001 16.906 22 <0.001 1.000 
As <0.001 <0.001 10.022 22 <0.001 1.000 
Cd <0.001 0.103 10.340 22 <0.001 1.000 
G
ill
s 
Pb <0.001 <0.001 5.577 22 <0.001 1.000 
Al >0.200 0.300 21.026 19 <0.001 1.000 
Cr  0.003 0.234 12.688 19 <0.001 1.000 
Mn <0.001 0.012 30.834 19 <0.001 1.000 
Fe <0.001 0.928 5.793 19 <0.001 1.000 
Co 0.083 0.621 6.681 19 <0.001 1.000 
Cu <0.001 <0.001 15.016 19 <0.001 1.000 
Zn 0.001 0.012 21.694 19 <0.001 1.000 
As <0.001 <0.001 10.119 19 <0.001 1.000 
Cd <0.001 0.298 2.619 19 0.017 0.632 
Ja
w
 
Pb <0.001 <0.001 7.732 19 <0.001 1.000 
Al 0.001 <0.001 7.492 22 <0.001 1.000 
Cr  <0.001 0.003 4.372 22 <0.001 0.990 
Mn <0.001 0.014 2.257 22 0.034 0.034 
Fe <0.001 0.303 2.551 22 0.018 0.611 
Co <0.001 0.003 4.780 22 <0.001 0.997 
Cu <0.001 0.007 3.966 22 <0.001 0.968 
Zn <0.001 0.447 2.281 22 0.033 0.492 
As 0.022 <0.001 10.354 22 <0.001 1.000 
Cd 0.020 0.003 3.253 22 0.004 0.856 
E
ye
 le
ns
 
Pb <0.001 0.021 2.490 22 0.021 0.584 
Al 0.001 0.619 2.859 22 0.009 0.734 
Cr <0.001 0.297 1.215 22 0.237 0.095 
Mn 0.104 0.003 5.462 22 <0.001 1.000 
Fe >0.200 0.837 2.452 22 0.023 0.568 
Co 0.001 0.816 11.201 22 <0.001 1.000 
Cu <0.001 0.538 0.0522 22 0.959 0.050 
Zn 0.015 0.023 5.671 22 <0.001 1.000 
As 0.190 0.612 1.438 22 0.164 0.157 
Cd <0.001 0.003 8.150 22 <0.001 1.000 
Li
ve
r 
Pb <0.001 0.060 2.099 22 0.048 0.410 
Al 0.027 0.432 0.840 17 0.413 0.050 
Cr <0.001 0.004 3.851 22 <0.001 0.958 
Mn <0.001 <0.001 4.400 22 <0.001 0.990 
Fe 0.021 <0.001 9.089 22 <0.001 1.000 
Co <0.001 <0.001 4.242 22 <0.001 0.985 
Cu <0.001 0.067 2.559 22 0.018 0.614 
Zn <0.001 <0.001 7.925 22 <0.001 1.000 
As 0.008 <0.001 10.055 22 <0.001 1.000 
Cd <0.001 <0.001 8.551 22 <0.001 1.000 
M
us
cl
e 
Pb <0.001 <0.001 3.632 22 0.001 0.932 
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Appendix 6.1. Continue. 
Normality 
a = 0.01 
Equal variance 
a = 0.01 Source of variation 
Tissue 
type Metal  
Value of P  Value of P t D F P 
Power of test wit 
a=0.05 
Al <0.001 0.741 0.205 22 0.839 0.050 
Cr <0.001 0.001 5.132 22 <0.001 0.999 
Mn <0.001 0.005 5.277 22 <0.001 1.000 
Fe <0.001 0.991 2.066 22 0.051 0.396 
Co <0.001 0.003 5.376 22 <0.001 1.000 
Cu <0.001 0.010 6.675 22 <0.001 1.000 
Zn <0.001 <0.001 11.312 22 <0.001 1.000 
As <0.001 <0.001 7.666 22 <0.001 1.000 
Cd <0.001 0.004 4.504 22 <0.001 0.993 
Sp
le
en
 
Pb <0.001 <0.001 5.602 22 <0.001 1.000 
Al <0.001 0.920 2.069 22 0.051 0.397 
Cr <0.001 0.125 4.262 22 <0.001 0.986 
Mn 0.002 0.231 1.716 22 0.100 0.252 
Fe <0.001 0.001 6.459 22 <0.001 1.000 
Co <0.001 0.109 4.456 22 <0.001 0.992 
Cu 0.002 0.003 4.028 22 <0.001 0.973 
Zn <0.001 0.006 6.996 22 <0.001 1.000 
As <0.001 <0.001 6.478 22 <0.001 1.000 
Cd <0.001 0.591 2.003 22 0.058 0.369 
St
om
ac
h 
Pb <0.001 0.001 3.102 22 0.005 0.815 
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Appendix 7.1.  Results of the t-test to determine if there were significant 
differences between the metal concentrations of males and females in M. 
mustelus in different tissue types or organs.  (n: number of samples, DF: Degrees 
of freedom, t: t-test value).  
Normality 
a = 0.01 
Equal variance 
a = 0.01 
Source of variation Tissue 
Type Metal  Sex n 
Mean ± Std 
(ppm)  
Value of P  Value of P t D F P 
Power 
of test 
with a 
= 0.05 
Male 11 1.273±0.606 Al  
Female 7 1.436±0.559 
>0.200 0.853 0.571 16 0.576 0.050 
Male 11 0.0234±0.0253 Cr  
Female 7 0.0323±0.0319 
0.188 0.333 0.663 16 0.517 0.050 
Male 11 0.154±0.0798 Mn 
Female 7 0.207±0.0372 
>0.200 0.092 1.621 16 0.125 0.212 
Male 11 0.650±0.340 Fe 
Female 7 1.170±0.682 
>0.200 0.260 2.164 16 0.046 0.427 
Male 11 0.0195±0.0267 Co Female 7 0.0406±0.0409 >0.200 0.059 1.332 16 0.202 0.124 
Male 11 0.0319±0.0174 Cu Female 7 0.0327±0.0165 >0.200 0.977 0.0973 16 0.924 0.050 
Male 11 2.191±1.122 Zn Female 7 3.028±0.609 >0.200 0.177 1.799 16 0.091 0.277 
Male 11 3.698±1.785 As  
Female 7 5.771±1.884 
>0.200 0.812 2.352 16 0.032 0.509 
Male 11 0.0311±0.0510 Cd 
Female 7 0.0679±0.0755 
<0.001 0.145 1.241 16 0.232 0.101 
Male 11 0.0480±0.0548 
V
er
te
br
ae
 
Pb 
Female 7 0.0657±0.0722 
0.020 0.240 0.592 16 0.562 0.050 
Male 10 1.259±1.129 Al  
Female 7 2.340±2.928 
0.006 0.327 0.803 15 0.435 0.050 
Male 10 0.0158±0.0138 Cr  Female 7 0.0534±0.0499 >0.200 0.049 2.291 15 0.037 0.479 
Male 10 0.0756±0.0313 Mn Female 7 0.135±0.112 >0.200 0.044 1.603 15 0.130 0.205 
Male 10 12.062±5.400 Fe Female 7 15.682±9.008 >0.200 0.166 1.039 15 0.315 0.056 
Male 10 0.0232±0.0172 Co 
Female 7 0.0644±0.0604 
>0.200 <0.001 2.069 15 0.056 0.384 
Male 10 0.127±0.0447 Cu 
Female 7 0.118±0.0335 
0.024 0.990 0.464 15 0.649 0.050 
Male 10 3.019±1.283 Zn 
Female 7 3.819±0.555 
0.193 0.422 1.539 15 0.145 0.184 
Male 10 3.853±1.610 As  
Female 7 5.729±1.782 
0.145 0.382 2.265 15 0.039 0.468 
Male 10 0.0213±0.0293 Cd Female 7 0.113±0.119 0.024 0.002 2.365 15 0.032 0.511 
Male 10 0.0746±0.0553 
G
ill
s 
Pb 
Female 7 0.116±0.111 
>0.200 0.037 1.027 15 0.321 0.053 
Male 11 1.573±0.826 Al  Female 6 3.045±1.096 >0.200 0.388 3.135 15 0.007 0.805 
Male 11 0.0251±0.0288 Cr  
Female 6 0.0362±0.0274 
0.017 0.782 0.770 15 0.453 0.050 
Male 11 0.152±0.0759 Mn 
Female 6 0.232±0.0680 
>0.200 0.540 2.139 15 0.049 0.414 
Male 11 1.123±0.653 Fe Female 6 6.328±5.154 0.012 0.004 3.393 15 0.004 0.872 
Male 11 0.0273±0.0346 Co 
Female 6 0.0640±0.0528 
>0.200 0.215 1.739 15 0.103 0.253 
Male 11 0.0271±0.0177 Cu Female 6 0.0511±0.0429 0.024 0.191 1.643 15 0.121 0.219 
Male 11 3.124±1.517 Zn 
Femal e 6 4.477±0.422 
>0.200 0.027 2.111 15 0.052 0.402 
Male 11 2.397±1.415 As  Female 6 4.363±3.994 0.002 0.403 1.502 15 0.154 0.172 
Male 11 0.0404±0.0681 Cd 
Female 6 0.102±0.0912 
<0.001 0.262 1.595 15 0.131 0.202 
Male 11 0.0369±0.0344 
Ja
w
 
Pb 
Female 6 0.0724±0.0575 
0.200 0.389 1.612 15 0.128 0.208 
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Appendix 7.1. Continue. 
Normality 
a = 0.01 
Equal 
variance 
a = 0.01 
Source of variation Sex n Mean ± Std 
Value of P Value of P  t DF P 
Tissue 
Type Metal 
Female 6 0.0724±0.0575      
Power of 
test with 
a = 0.05 
Male 10 0.482±0.412 Al Female 7 1.217±0.794 0.013 0.068 2.505 15 0.024 0.572 
Male 10 0.183±0.158 Cr 
Female 7 0.491±0.459 
0.022 0.054 1.986 15 0.066 0.349 
Male 10 0.201±0.230 Mn 
Female 7 0.264±0.327 
0.011 0.398 0.470 15 0.645 0.050 
Male 10 1.787±1.930 Fe 
Female 7 7.814±14.772 
<0.001 0.240 1.293 15 0.216 0.113 
Male 10 0.163±0.186 Co 
Female 7 0.456±0.461 
0.108 0.056 1.828 15 0.088 0.286 
Male 10 0.125±0.126 Cu Female 7 0.316±0.327 >0.200 0.045 1.701 15 0.110 0.239 
Male 10 3.535±8.407 Zn 
Female 7 3.757±0.897 
<0.001 0.519 0.0690 15 0.946 0.050 
Male 10 0.944±0.752 As Female 7 1.731±1.122 0.061 0.114 1.738 15 0.103 0.252 
Male 10 0.214±0.278 Cd 
Female 7 0.918±0.980 
0.004 0.033 2.176 15 0.046 0.430 
Male 10 0.528±0.688 
Le
ns
 
Pb 
Female 7 0.618±0.653 
<0.001 0.540 0.270 15 0.791 0.050 
Male 11 1.617±2.237 Al 
Female 7 1.384±1.476 
<0.001 0.964 0.243 16 0.811 0.050 
Male 11 0.204±0.335 Cr 
Female 7 0.129±0.164 
<0.001 0.527 0.551 16 0.589 0.050 
Male 11 0.269±0.113 Mn Female 7 0.302±0.169 0.082 0.282 0.504 16 0.621 0.050 
Male 11 50.702±38.785 Fe 
Female 7 39.222±28.125 
>0.200 0.418 0.675 16 0.509 0.050 
Male 11 0.0702±0.0725 Co Female 7 0.0369±0.0384 0.014 0.309 1.110 16 0.283 0.070 
Male 11 2.024±4.558 Cu 
Female 7 3.405±4.137 
<0.001 0.550 0.648 16 0.526 0.050 
Male 11 4.375±2.331 Zn 
Female 7 4.337±2.641 
<0.001 0.676 0.0326 16 0.974 0.050 
Male 11 13.775±11.881 As 
Female 7 16.998±14.419 
>0.200 0.503 0.517 16 0.612 0.050 
Male 11 0.706±0.568 Cd 
Female 7 0.387±0.401 
0.028 0.456 1.291 16 0.215 0.113 
Male 11 0.224±0.134 
L
iv
er
 
Pb Female 7 0.143±0.157 >0.200 0.568 1.172 16 0.258 0.084 
Male 11 27.060±7.254 Al 
Female 6 45.337±21.103 
>0.200 0.476 1.478 15 0.160 0.165 
Male 11 0.0600±0.0507 Cr Female 6 0.0766±0.0505 >0.200 0.846 0.646 15 0.528 0.050 
Male 11 0.371±0.204 Mn 
Female 6 0.535±0.150 
>0.200 0.280 1.721 15 0.106 0.246 
Male 11 28.880±21.058 Fe 
Female 6 50.828±31.446 
>0.200 0.658 1.730 15 0.104 0.249 
Male 11 0.0177±0.0170 Co Female 6 0.0116±0.00823 0.007 0.251 0.827 15 0.421 0.050 
Male 11 0.523±0.334 Cu 
Female 6 0.933±0.401 
>0.200 0.945 2.263 15 0.039 0.467 
Male 11 4.387±2.484 Zn Female 6 6.721±2.210 >0.200 0.906 1.919 15 0.074 0.322 
Male 11 4.213±5.756 As Female 6 5.297±2.839 <0.001 0.802 0.429 15 0.674 0.050 
Male 11 0.134±0.124 Cd 
Female 6 0.236±0.167 
0.079 0.444 1.439 15 0.171 0.153 
Male 11 0.111±0.105 
M
us
cl
e 
Pb 
Female 6 0.160±0.110 
>0.200 0.787 0.918 15 0.373 0.050 
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Appendix 7.1.  Continue. 
Normality 
a = 0.01 
Equal 
variance 
a = 0.01 
Source of variation 
Tissue Type Metal  Species n Mean ± Std 
Value of P  Value of 
P  
t  DF P 
Power of 
test with a 
= 0.05 
Male 10 4.222±12.642 Al Female 7 0.640±0.535 <0.001 0.478 0.783 15 0.446 0.050 
Male 10 0.0229±0.0421 Cr 
Female 7 0.0102±0.0136 
>0.001 0.511 0.766 15 0.455 0.050 
Male 10 0.0357±0.0212 Mn Female 7 0.0974±0.0927 0.002 0.165 2.059 15 0.057 0.380 
Male 10 1.354±0.759 Fe 
Female 7 10.297±21.348 
<0.001 0.170 1.343 15 0.199 0.126 
Male 10 0.0104±0.0117 Co 
Female 7 0.0294±0.0540 
<0.001 0.199 1.091 15 0.292 0.066 
Male 10 0.0536±0.0158 Cu 
Female 7 0.0686±0.0239 
>0.200 0.112 1.595 15 0.132 0.202 
Male 10 1.112±0.304 Zn 
Female 7 1.879±1.245 
0.002 0.079 1.894 15 0.078 0.312 
Male 10 5.641±2.333 As Female 7 6.131±2.744 0.082 0.316 0.397 15 0.697 0.050 
Male 10 0.0121±0.0136 Cd 
Female 7 0.0547±0.0985 
<0.001 0.117 1.367 15 0.192 0.133 
Male 10 0.0195±0.0201 
Sp
le
en
 
Pb Female 7 0.0613±0.0835 <0.001 0.178 1.544 15 0.143 0.186 
Male 11 5.889±11.014 Al 
Female 7 2.173±2.715 
<0.001 0.399 0.867 16 0.399 0.050 
Male 11 0.317±0.606 Cr 
Female 7 0.635±0.634 
<0.001 0.226 1.065 16 0.303 0.061 
Male 11 0.327±0.321 Mn 
Female 7 0.409±0.648 
<0.001 0.487 0.358 16 0.725 0.050 
Male 11 24.254±9.763 Fe 
Female 7 20.125±11.916 
>0.200 0.594 0.804 16 0.433 0.050 
Male 11 0.327±0.663 Co Female 7 0.651±0.695 <0.001 0.208 0.993 16 0.335 0.050 
Male 11 0.446±0.585 Cu 
Fema le 7 0.363±0.217 
0.004 0.422 0.355 16 0.728 0.050 
Male 11 8.490±6.707 Zn Female 7 6.901±1.643 <0.001 0.389 0.609 16 0.551 0.050 
Male 11 5.483±4.013 As 
Female 7 5.652±2.430 
0.138 0.598 0.100 16 0.921 0.050 
Male 11 0.538±1.280 Cd 
Female 7 1.061±1.199 
<0.001 0.375 0.865 16 0.400 0.0 50 
Male 11 0.322±0.382 
St
om
ac
h c
on
te
nt
 
Pb 
Female 7 0.659±0.715 
0.026 0.139 1.31 16 0.208 0.118 
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Appendix 7.2.  Results of the t-test to determine if there were significant 
differences between the metal concentrations of males and females in S. 
megalops in different tissue types or organs.  (n: number of samples, DF: degrees 
of freedom, t: t-test value).  
Normality 
a = 0.01 
Equal 
variance 
a = 0.01 
Source of variation Tissue 
types 
Metal  Sex n Mean ± Std 
Value of P  Value of P  t D F P 
Power of test with 
a=0.05 
Male 30 2.490±3.203 Al 
Female 49 5.871±8.480 
<0.001 0.026 2.092 77 0.040 0.429 
Male 30 0.112±0.141 Cr 
Female 49 0.169±0.309 
<0.001 0.243 0.949 77 0.346 0.050 
Male 29 1.435±2.019 Mn Female 47 5.000±17.541 <0.001 0.276 1.087 74 0.281 0.067 
Male 29 2.656±3.781 Fe 
Female 43 3.891±5.246 
<0.001 0.309 1.089 70 0.280 0.067 
Male 35 0.261±0.474 Co Female 56 0.216±0.275 <0.001 0.477 0.579 89 0.564 0.050 
Male 30 0.118±0.180 Cu 
Female 49 0.238±0.400 
<0.001 0.112 1.538 77 0.128 0.197 
Male 29 2.479±5.325 Zn 
Female 43 2.897±5.325 
<0.001 0.696 0.395 70 0.694 0.050 
Male 29 4.847±3.346 As 
Female 43 4.491±3.305 
<0.001 0.833 0.446 70 0.657 0.050 
Male 35 0.161±0.215 Cd 
Female 56 0.356±0.921 
<0.001 0.215 1.233 89 0.221 0.103 
Male 35 2.130±4.453 
V
er
te
br
ae
 
Pb Female 56 1.411±3.741 <0.001 0.408 0.829 89 0.409 0.050 
Male 23 1.133±0.710 Al Female 34 2.122±2.715 <0.001 0.041 1.704 55 0.094 0.258 
Male 29 0.164±0.289 Cr Female 43 0.155±0.387 <0.001 0.985 0.102 70 0.919 0.050 
Male 29 1.031±1.511 Mn 
Female 46 5.186±18.325 
<0.001 0.235 1.215 73 0.228 0.098 
Male 29 13.336±21.818 Fe 
Female 43 13.827±12.879 
<0.001 0.925 0.120 70 0.905 0.050 
Male 30 0.276±0.381 Co 
Female 49 0.285±0.374 
<0.001 0.963 0.103 77 0.918 0.050 
Male 29 0.181±0.192 Cu 
Female 43 0.258±0.364 
<0.001 0.208 1.041 70 0.301 0.056 
Male 29 6.880±18.608 Zn Female 43 4.506±2.884 <0.001 0.348 0.825 70 0.412 0.050 
Male 29 5.661±4.334 As Female 43 5.589±3.813 0.017 0.851 0.074 70 0.941 0.050 
Male 29 0.124±0.217 Cd Female 43 0.186±0.342 <0.001 0.392 0.863 70 0.391 0.050 
Male 35 1.116±2.077 
G
ill
s 
Pb 
Female 55 1.147±2.136 
<0.001 0.969 0.0691 88 0.945 0.050 
Male 23 2.777±2.233 Al 
Female 14 10.314±7.305 
0.010 0.001 4.631 35 <0.001 0.997 
Male 23 1.231±4.446 Cr 
Female 14 2.699±7.036 
<0.001 0.476 0.780 35 0.441 0.050 
Male 23 1.855±5.025 Mn 
Female 14 2.430±5.390 
<0.001 0.800 0.328 35 0.745 0.050 
Male 23 21.395±40.644 Fe Female 14 22.860±21.512 <0.001 0.732 0.124 35 0.902 0.050 
Male 23 1.053±3.976 Co 
Female 14 4.467±11.769 
<0.001 0.266 1.286 35 0.207 0.115 
Male 23 3.034±9.880 Cu Female 14 2.495±6.516 <0.001 0.866 0.181 35 0.858 0.050 
Male 23 11.095±14.337 Zn 
Female 14 17.621±17.009 
<0.001 0.260 1.251 35 0.219 0.106 
Male 23 18.316±29.164 As 
Female 14 18.931±25.685 
<0.001 0.964 0.065 35 0.949 0.050 
Male 23 2.041±8.878 Cd Female 14 3.057±8.214 <0.001 0.764 0.347 35 0.731 0.050 
Male 23 1.560±3.529 
G
on
ad
s 
Pb 
Female 14 4.651±7.887 
<0.001 0.135 1.640 35 0.110 0.229 
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Appendix 7.2 Continue. 
Normality 
a = 0.01 
Equal 
variance 
a = 0.01 
Source of variation Tissue 
type  Metal  Sex N  Mean ± Std 
Value of P Value of P  t DF P 
Power 
of test 
with 
a=0.05 
Male 29 3.054±4.563 Al 
Female 44 5.190±8.998 
<0.001 0.188 1.181 71 0.242 0.089 
Male 41 0.0905±0.134 Cr 
Female 53 0.108±0.200 
<0.001 0.536 0.469 92 0.640 0.050 
Male 40 1.153±1.931 Mn 
Female 51 7.79±31.246 
<0.001 0.191 1.338 89 0.184 0.132 
Male 46 9.195±20.662 Fe 
Female 60 6.693±6.644 
<0.001 0.255 0.882 104 0.380 0.050 
Male 46 0.276±0.645 Co Female 60 0.200±0.380 <0.001 0.355 0.754 104 0.453 0.050 
Male 29 0.147±0.196 Cu 
Female 44 0.218±0.351 
<0.001 0.301 0.992 71 0.325 0.050 
Male 29 3.681±2.110 Zn Female 44 3.703±2.751 <0.001 0.341 0.0356 71 0.972 0.050 
Male 29 2.896±2.264 As 
Female 44 2.138±1.555 
<0.001 0.158 1.697 71 0.094 0.256 
Male 46 0.115±0.167 Cd 
Female 60 0.212±0.350 
<0.001 0.104 1.729 104 0.087 0.271 
Male 46 0.931±2.762 
Ja
w
 
Pb 
Female 60 1.207±4.394 
<0.001 0.738 0.373 104 0.710 0.050 
Male 33 0.375±5.474 Al 
Female 53 5.486±9.258 
<0.001 0.283 1.185 84 0.239 0.090 
Male 28 0.627±0.936 Cr Female 41 0.692±1.459 <0.001 0.742 0.207 67 0.836 0.050 
Male 33 1.060±1.500 Mn 
Female 53 1.841±4.117 
<0.001 0.240 1.046 84 0.299 0.057 
Male 33 20.960±48.960 Fe Female 53 18.625±44.746 <0.001 0.816 0.229 84 0.820 0.050 
Male 18 0.891±0.749 Co 
Female 35 1.495±2.301 
<0.001 0.270 1.080 51 0.285 0.065 
Male 28 0.506±0.783 Cu 
Female 41 0.537±0.680 
<0.001 0.964 0.177 67 0.860 0.050 
Male 33 12.399±48.375 Zn Female 53 6.352±12.273 <0.001 0.390 0.869 84 0.387 0.050 
Male 33 6.985±18.325 As 
Female 53 4.574±6.271 
<0.001 0.354 0.881 84 0.381 0.050 
Male 24 0.782±1.136 Cd 
Female 44 1.293±1.610 
<0.001 0.202 1.379 66 0.173 0.144 
Male 10 6.887±4.918 
E
ye
 le
ns
 
Pb 
Female 26 5.725±10.610 
<0.001 0.829 0.331 34 0.743 0.050 
Male 28 0.709±0.852 Al Female 45 2.143±3.029 <0.001 0.017 2.440 71 0.017 0.590 
Male 28 0.398±0.464 Cr 
Female 45 0.218±0.331 
<0.001 0.074 1.931 71 0.057 0.355 
Male 27 0.276±0.408 Mn 
Fema l e 44 0.797±2.334 
<0.001 0.256 1.146 69 0.256 0.081 
Male 29 9.860±8.528 Fe Female 39 7.086±5.390 0.010 0.006 1.630 65 0.108 0.230 
Male 28 0.104±0.074 Co 
Female 39 0.104±0.0964 
<0.001 0.144 0.0313 56 0.975 0.050 
Male 28 0.269±0.235 Cu 
Female 39 0.247±0.241 
<0.001 0.736 0.379 65 0.706 0.050 
Male 28 1.139±0.911 Zn 
Female 39 1.112±0.797 
<0.001 0.697 0.130 65 0.897 0.050 
Male 28 3.819±5.473 As 
Female 39 3.198±4.405 
<0.001 0.495 0.514 65 0.609 0.050 
Male 28 0.291±0.316 Cd 
Female 39 0.205±0.319 
<0.001 0.617 1.099 65 0.276 0.069 
Male 33 0.456±0.535 
Li
ve
r 
Pb 
Female 46 0.686±2.696 
<0.001 0.518 0.482 77 0.631 0.050 
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Appendix 7.2.  Continue. 
Normality 
a = 0.01 
Equal variance 
a = 0.01 Source of variation 
Tissue type 
Metal  Sex N  Mean ± Std 
Value of P  Value of P  t  DF P 
Power of test with 
a=0.05 
Male 29 29.358±71.176 Al  
Female 48 27.767±77.229 
<0.001 0.917 0.0901 75 0.928 0.050 
Male 28 0.131±0.208 Cr Female 42 0.108±0.164 <0.001 0.500 0.515 68 0.608 0.050 
Male 33 1.063±1.852 Mn 
Female 55 21.488±65.172 
<0.001 0.077 1.796 86 0.076 0.297 
Male 28 24.568±27.426 Fe 
Female 42 19.823±23.620 
<0.001 0.393 0.772 68 0.443 0.050 
Male 32 0.450±0.838 Co 
Female 49 0.267±0.443 
<0.001 0.167 1.282 79 0.204 0.116 
Male 28 0.343±0.216 Cu 
Female 42 0.390±0.395 
<0.001 0.399 0.570 68 0.571 0.050 
Male 28 4.025±2.216 Zn Female 42 5.420±7.401 <0.001 0.213 0.966 68 0.337 0.050 
Male 28 3.250±1.807 As  
Female 42 2.875±2.661 
0.024 0.473 0.652 68 0.516 0.050 
Male 28 0.369±0.447 Cd 
Female 42 0.269±0.429 
<0.001 0.788 0.941 68 0.350 0.050 
Male 32 0.566±0.758 
M
us
cl
e 
Pb 
Female 49 0.972±1.767 
<0.001 0.199 1.226 79 0.224 0.101 
Male 31 4.176±7.959 Al  
Female 45 3.457±9.585 
<0.001 0.667 0.344 74 0.732 0.050 
Male 31 0.326±0.964 Cr Female 45 0.303±0.711 <0.001 0.893 0.123 74 0.902 0.050 
Male 31 0.735±2.307 Mn 
Female 45 2.088±5.259 
<0.001 0.178 1.344 74 0.183 0.134 
Male 29 7.966±16.182 Fe Female 45 28.544±145.413 <0.001 0.453 0.757 72 0.451 0.050 
Male 31 0.552±1.563 Co 
Female 45 0.366±0.893 
<0.001 0.513 0.661 74 0.511 0.050 
Male 29 0.211±0.285 Cu 
Female 45 0.468±1.031 
<0.001 0.170 1.311 72 0.194 0.124 
Male 28 1.518±1.074 Zn 
Female 39 2.469±4.898 
<0.001 0.251 1.008 65 0.317 0.050 
Male 28 3.508±2.925 As  
Female 39 3.701±2.563 
0.002 0.976 0.287 65 0.775 0.050 
Male 31 0.416±1.312 Cd Female 45 0.337±0.918 <0.001 0.776 0.308 74 0.759 0.050 
Male 31 0.466±0.693 
Sp
le
en
 
Pb 
Female 45 0.593±1.348 
<0.001 0.593 0.483 74 0.630 0.050 
Male 35 5.727±16.783 Al  Female 47 8.055±23.706 <0.001 0.636 0.495 80 0.622 0.050 
Male 29 0.358±0.409 Cr  
Female 37 0.427±0.568 
<0.001 0.542 0.550 64 0.584 0.050 
Male 35 0.982±1.656 Mn 
Female 47 5.426±16.099 
<0.001 0.120 1.624 80 0.108 0.229 
Male 34 29.626±38.257 Fe 
Female 44 25.351±24.913 
<0.001 0.509 0.596 76 0.553 0.050 
Male 34 0.561±0.446 Co 
Female 44 0.636±0.987 
<0.001 0.551 0.410 76 0.683 0.050 
Male 29 0.343±0.385 Cu Female 37 0.702±0.902 <0.001 0.116 2.005 64 0.049 0.387 
Male 29 10.050±17.451 Zn 
Female 37 7.282±8.831 
<0.001 0.462 0.839 64 0.405 0.050 
Male 29 6.950±5.394 As  Female 37 6.970±9.144 <0.001 0.891 0.0103 64 0.992 0.050 
Male 34 0.739±1.336 Cd 
Female 44 0.745±1.156 
<0.001 0.821 0.0205 76 0.984 0.050 
Male 35 1.925±2.607 
St
om
ac
h 
co
nt
en
t 
Pb 
Female 47 4.134±7.696 
<0.001 0.105 1.628 80 0.108 0.230 
 
 
 
 
